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Abstract 
 
The phylogeography of three widespread Palearctic passerines was characterized in this 
dissertation based on sequence data from mitochondrial and nuclear genes, which were 
analyzed under a framework of the coalescent.  The following questions were addressed: 
(1) does gene history reflect species history, (2) does natural selection on mitochondrial 
DNA (mtDNA) obscure phylogeographic inference, and (3) do the early stages of 
speciation reveal ecological niche divergence.  In chapter one, phylogeographic histories 
based on mtDNA and 13 nuclear genes of Eurasian nuthatches (Sitta europaea) were 
compared to address an ongoing debate over the value of mtDNA in phylogeography.  
Both mtDNA and multilocus nuclear data recovered the same three clades.  The results 
suggested that mtDNA is efficient in discovering phylogeographic pattern due to its fast 
coalescence rate.  Multiple (nuclear) genes permitted quantification and estimation of 
error in process parameters such as effective population size, gene flow and divergence 
time.  Neither mtDNA alone, nuclear genes alone, or both in combination resolved the 
phylogenetic pattern of the three groups, leading to an inference of simultaneous 
divergence.  In chapter two, I devised novel methods based on coalescent simulations to 
discover whether natural selection has influenced the mitochondrial genome of two Old 
World flycatcher species (Ficedula parva and F. albicilla).  The simulations were based 
on the estimated demographic history using 18 nuclear genes, which suggested that the 
two sister species diverged around three million years ago and that F. albicilla, but not F. 
parva, experienced a recent population expansion.  My analyses showed that population 
bottlenecks alone could not fully explain the strikingly low variation in the mtDNA data 
for F. albicilla, and I concluded that the mtDNA patterns were affected by natural 
 iii 
selection.  Thus, interpreting the phylogeographic history based solely on mtDNA can be 
misleading, although the nuclear loci corroborated the species limits.  Chapter three 
involved coalescence and simulation approaches based on mtDNA and a Z-linked gene to 
explore the early stages of evolutionary divergence in the common rosefinch 
(Carpodacus erythrinus).  The third chapter also involved an assessment of ecological 
niche divergence and the results showed no evidence of ecological divergence at the early 
stages of diversification among three rosefinch lineages.  This dissertation demonstrates 
that the incorporation of multiple genes, coalescence theory, and analytic approaches 
from other fields (e.g., ecological niche modeling) can provide fresh insights into 
phylogeographic history of species.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iv
 
Table of Contents 
 
Acknowledgments……………………………………………………………………......i 
Abstract…………………………………………………………………………………..ii 
Table of Contents……………………………………………………………………….iv 
List of Tables…………………………………………………………………………….v 
List of Figures…………………………………………………………………………...vi 
Introduction……………………………………………………………………………...1 
Chapter 1: Multilocus coalescence analyses support a mtDNA-based phylogeographic 
history for a widespread Palearctic passerine bird, Sitta europaea………………………4 
Chapter 2: Distinguishing between bottlenecks and selection in the mitochondrial DNA 
genomes of two Old World flycatchers (Ficedula parva and F. albicilla)……………..38 
Chapter 3: Recent allopatric divergence and niche evolution in a widespread Palearctic 
bird, the common rosefinch (Carpodacus erythrinus)………………………………….72 
Bibliography…………………………………………………………………………...97  
 
 
 
 
 
 
 
 
 
 
 v
List of Tables 
Chapter 1 
Table 1.1. Characteristics of the 14 genes………………………………………………35 
Table 1.2. Likelihood ratio tests among four species tree topologies…………………..37   
 
Chapter 2 
Table 2.1. Characteristics of the 19 genes……………………………………………...62 
Table 2.2. Coalescence analyses using IMa……………………………………………64 
Table 2.3. Likelihood ratio statistics of model test for positive selection……………...65 
Table 2.4.  FET tests for replacement and silent substitution distribution……………..66  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 vi
List of Figures  
 
 
Chapter 1 
Figure 1.1. Location of sample sites, network of mtDNA haplotypes and STRUCTURE 
results for introns………………………………………………………………………..30 
Figure 1.2. Multilocus *BEAST population trees and species tree…………………….31 
Figure 1.3. Posterior probabilty distribution of IMa model parameters………………..33 
 
Chapter 2 
Figure 2.1. Geographic distribution of mtDNA ND2 haplotypes……………………...67 
Figure 2.2. Nucleotide diversity of mtDNA, introns and one exon…………………....68 
Figure 2.3. Extended Bayesian Skyline Plots of population sizes….………………….69 
Figure 2.4. Outline of coalescence simulation and nucleotide diversity values for 
simulated and empirical data…………………………………………………………...70 
Figure 2.5. 3D representation of amino acid replacements in the Cytb protein……….71 
 
Chapter 3 
Figure 3.1. Geographic location of sample sites……………………………………....89 
Figure 3.2.  Network of mtDNA and a Z-linked intron haplotypes…………………...90 
Figure 3.3. UPGMA tree based on the matrix of ΦST values of mtDNA……………..91  
Figure 3.4.  Posterior probabilty distribution of the IMa parameters………………....92 
Figure 3.5. Outline of coalescence simulations……………………………………….93 
Figure 3.6. ΦST values for simulated and empirical data.……………………………..94 
Figure 3.7. Predicted distributions for present and LGM conditions…………………95 
Figure 3.8. Background tests for niche divergence…………………………………...96    
 
 
 1
  
Introduction 
 
The study of the geographic deployment of genetic variation and its causes comprises the 
field of phylogeography.  Although phylogeography initially aimed to integrate 
population genetics and phylogenetics (Avise 2000), this goal has not been fully achieved 
until recently when genetic variation from populations were analyzed using coalescence 
theory (Hickerson et al. 2009).  The advances in coalescence-based approaches enable 
phylogeographers to quantify demographic parameters, which can explicitly illuminate 
the processes of lineage or species evolution.  Another recent trend is the use of data from 
multiple loci.  In the past 20 years, mitochondrial DNA (mtDNA) has been the principal 
genetic marker for inferring phylogeographic history of animals.  Lately, the authority of 
mtDNA in phylogeography has been questioned (Funk and Omland 2003; Ballard and 
Whitlock 2004; Edwards and Bensch 2009; Galtier et al. 2009).  That is because some 
researchers believe that stochastic processes, natural selection or hybridization can 
preclude mtDNA, which yields in effect a single gene tree, from reflecting species 
history.  Multiple genes are thought to be necessary to unveil the complete history of a 
species.  This view is thought by some to be overly simplistic or misleading (Zink and 
Barrowclough 2008). 
This dissertation demonstrates how these two new trends, (a) the applications of 
coalescence theory and (b) the incorporation of multilocus data, revolutionize our 
interpretations in phylogeography.  I studied three widespread Palearctic avian species as 
examples, which also adds to our understanding of the taxonomy and phylogeography of 
birds in the largest and relatively unstudied ecozone on Earth.  
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 Chapter one focuses on the multilocus phylogeography of Eurasian nuthatches 
(Sitta europaea).  In this chapter, I compared the mtDNA-based history with that based 
on multiple nuclear genes and found generally consistent results between the two 
datasets.  Several coalescence-based approaches were applied to estimate species trees 
and demographic history and to test alternative species tree topologies.  Whereas the 
results showed that mtDNA was correct in suggesting three independently evolving taxa, 
multiple genes provided more reliable estimates of process parameters such as effective 
population size, gene flow and divergence time.  Therefore, I suggest using both 
mitochondrial and nuclear genes to obtain a comprehensive view of species history. 
Chapter two examines whether population bottlenecks or natural selection caused 
the extremely low levels of mtDNA variation observed in a priory study of two sister 
species of Old World flycatchers (Ficedula parva and F. albicilla).  At the ND2 gene, 
there was no variation observed in 75 individuals of F. albicilla sampled across 4,500 km 
of their eastern Palearctic breeding range, and the question was whether this was simply 
the consequence of a bottleneck.  I sampled up to 18 nuclear genes to test whether 
positive selection affected the levels and patterns of variability in their mtDNA.  Levels 
of genetic variability in the nuclear genes of the two species were nearly identical, unlike 
that for mtDNA.  The multilocus dataset therefore suggested departure from neutrality.  
In addition, the historical population size of F. albicilla underwent a recent large 
increase.   In this study, I devised a neutrality test by incorporating multilocus 
demographic history into a neutral coalescence simulation.  I also considered models of 
protein structure to evaluate possible traces of positive selection.  The results implied that 
selective forces and historical demographic fluctuation probably reduce the mtDNA 
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variation especially for F. albicilla.  This study also illustrates how coalescence-based 
approaches and multilocus data can be applied to test for natural selection and gene 
history.  
Chapter three explores the early stage of lineage divergence in the common 
rosefinch (Carpodacus erythrinus), another widespread Palearctic passerine bird.  The 
results of coalescence-based programs and simulations supported a history of three 
recently diverged lineages, none of which can be diagnosed by mtDNA or a Z-linked 
gene tree alone.  Instead, the lineages appear to be at too early a stage of divergence to 
allow coalescence of gene trees from either the mtDNA or nuclear loci.  This chapter also 
involves an assessment of niche divergence.  Some studies of birds have suggested that 
niches do not change until long after speciation.  The results were consistent with this 
view, as none of the lineages exhibit significant niche divergence.   
Overall, this dissertation represents a new phase in phylogeography that goes 
beyond discovering patterns, by exploring the underlying processes in depth.  To achieve 
this goal, incorporating coalescence theory, multiple loci and ecological niche modeling 
promises to contribute to the maturity of phylogeography. 
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Chapter 1 
 
 
Multilocus coalescence analyses support a mtDNA-based phylogeographic history 
for a widespread Palearctic passerine bird, Sitta europaea 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hung, C.-M., S. V. Drovetski, and R. M. Zink. 2012. Evolution (in press) 
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Our understanding of species phylogeography in much of the Palearctic is incomplete.  In 
addition, many existing studies based solely on mitochondrial DNA (mtDNA) can 
provide a biased view of phylogeographic history because of the effects of lineage 
sorting, natural selection or hybridization.  We analyzed 13 introns to assess a mtDNA 
study of the Eurasian nuthatch (Sitta europaea) that suggested a seemingly 
contemporaneous origin of distinct taxa in the Caucasus, Europe, and Asia.  Neutrality 
tests showed no evidence of selection on either the mtDNA or nuclear sequences.  Most 
nuclear gene trees, except for Z-linked ones, did not recover the three lineages, which we 
attribute to recent splitting.  Analyses of the 13 introns combined revealed the same three 
groups as did the mtDNA and suggested that nuthatches experienced a trichotomous (or 
two indistinguishable) split(s) 1-2 Ma ago and have remained isolated with trifling if not 
zero gene flow since then, and the Asian group increased in population size.  This result 
demonstrates the usefulness of mtDNA in discovering phylogeographic patterns.  The use 
of multiple nuclear loci facilitated detection of an introgressed individual and improved 
estimates of process parameters such as divergence time and population expansion.  We 
recommend that phylogeographic studies should be based on both mtDNA and nuclear 
genes. 
 
 
 
 
Supplementary Material 
Supporting figures 1.1-1.6 and tables 1.1-1.2 are available online. 
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Introduction 
Phylogeography involves discovering patterns of population structure and investigating 
the underlying evolutionary processes leading to those structures (Beheregaray 2008; 
Zink and Barrowclough 2008).  Both goals can be achieved through adopting genetic 
markers with informative evolutionary rates or coalescence times  (Spellman and Klicka 
2006; Zink and Barrowclough 2008; Knowles 2009; Hickerson et al. 2010).  In the past 
two decades, our knowledge of phylogeography has been obtained mainly from studies of 
mitochondrial DNA (mtDNA) because of its presumed neutrality, high mutation rate, 
small effective population size (Ne), and lack of recombination (Avise et al. 1987; Avise 
2000; Hickerson et al. 2010).  However, phylogeographic studies based solely on mtDNA 
have been criticized due to the single-locus inheritance of mtDNA (Jennings and 
Edwards 2005; Dolman and Moritz 2006; Edwards and Bensch 2009).  One concern is 
that stochastic sorting of ancestral polymorphism may render the genealogical histories of 
individual gene trees, such as mtDNA, misleading pictures of the organismal or species 
tree (Maddison and Knowles 2006; Knowles and Carstens 2007).  Other authors (e.g., 
Ballard and Whitlock 2004; Dowling et al. 2008; Galtier et al. 2009) believe that mtDNA 
patterns are often biased by natural selection, rendering them erroneous estimates of 
population history.  In addition, hybridization can lead to conflicting patterns between 
mtDNA trees and species trees (Maddison 1997; Funk and Omland 2003).  Thus, 
multilocus data are useful for detecting independent lineages and penetrating the noise 
generated from coalescent stochasticity (Brito and Edwards 2009).  Furthermore, 
selection is not likely to bias unlinked loci in a concordant manner (Nielsen 2005), and 
comparison among genes facilitates the detection of introgression (Bossu and Near 2009).  
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The Palearctic encompasses the largest terrestrial area on Earth (Pielou 1979), 
although our knowledge of its biogeography is uneven (Beheregaray 2008).  In particular, 
the western Palearctic (Europe) has been intensively studied whereas the Asian part of 
the Palearctic has received less attention (Pavlova et al. 2005).  There are reasons to 
expect phylogeographic differences between eastern and western Palearctic regions 
(Abbott and Brochmann 2003; Hewitt 2004).  For example, Europe was covered by ice 
while most of the Asian Palearctic was ice-free during the Last Glacial Maximum 
(LGM), around 20,000 years ago (Adams 2002).  In addition, the Caucasus, which 
include a high percentage of endemic subspecies and differentiated populations 
(Stepanyan 2003), is believed to have become a remote forest island 430,000 years ago 
based on paleontological and paleoclimatic evidence (see Tyrberg 1998; EPICA 2004).  
Several published mtDNA phylogeographic studies of widespread species do not support 
a common pattern across the Palearctic, suggesting idiosyncratic evolutionary histories 
(e.g., Drovetski et al. 2004; Hewitt 2004; Zink 2005; Zink et al. 2006, 2008; Haring et al. 
2007; Fedorov et al. 2008).  However, it is possible that the inconsistent patterns of 
mtDNA differentiation among species simply reflect variance in the coalescence process 
or the effects of natural selection – that is, biases that can affect any single locus.  Thus, 
before we can understand the comparative phylogeographic history of species in the 
Palearctic, it is necessary to examine multilocus patterns in individual species to test 
mtDNA patterns.  
 The Eurasian nuthatch (Sitta europaea) is a widespread, sedentary Palearctic 
passerine.  It is an obligate forest species and therefore provides an example of how the 
Palearctic forest fauna responded to historical climate changes.  A mtDNA-based study 
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revealed three distinct haplogroups generally corresponding to the Asia (although Finland 
and Vyatka are located in Europe, we grouped them with the Asian group for 
convenience), Europe and Caucasus (Fig. 1.1; Zink et al. 2006). However, the 
evolutionary relationships among these three phylogroups were unresolved and appeared 
to be a trichotomy.  Zink et al. (2006) detected selection against slightly deleterious 
alleles in the ND2 sequences of nuthatches but argued that its effect on phylogeographic 
inference was negligible.  In this study, we (1) test whether selection acts on mtDNA or 
nuclear loci and obscures historical inference, (2) examine whether nuclear genes recover 
the three mtDNA phylogroups and whether multilocus species trees clarify their 
relationship, and (3) compare multilocus estimates of gene flow and population history 
with those from mtDNA. 
 
Methods and Materials 
Sampling and Haplotype Determination  
We used ND2 sequence data (1041 bp) for 134 Eurasian nuthatches from Zink et al.’s 
(2006) study (NCBI accession numbers DQ219639-DQ219772) and added two samples 
from Germany and one sample from the Czech Republic.  We sequenced 11 autosomal 
and two Z-linked introns for both strands in each nuthatch sample (Table 1.1) using 
published primers (Backström et al. 2006, 2008; Kimball et al. 2009).  The ND2 
sequence of a nuthatch from Markovo identified as S. e. arctica differs by 10% 
uncorrected distance from other samples (Zink et al. 2006), and this sample was used as 
an outgroup for phylogenetic analyses.  Indels (insertions or deletions) were common 
among the introns, which were useful for reconstructing (phasing) haplotypes of 
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individuals with multiple heterozygous sites.  Phases of sequences containing indels were 
sorted manually by subtracting chromatogram peaks upstream of the indel in the reverse 
primer sequences from the double peaks downstream of the indel in the forward primer 
sequences.  This was repeated in the alternative direction and allowed the two haplotypes 
of a heterozygous individual to be determined (Sousa-Santos et al. 2005; Dolman and 
Moritz 2006; Drovetski et al. 2010).  The lengths of indels can also be determined by this 
approach.  This approach was not applied to individuals containing more than two indels 
due to their complex chromatograms (which were rare and excluded from further 
analysis).  Multi-base indels were collapsed to single-base polymorphisms for further 
analyses.  
Haplotypes of individuals with multiple heterozygous sites (in which double 
peaks were found in the chromatograms of both strands and the smaller peak was ≥ 33% 
of the larger one) were resolved using the software PHASE 2.1.1 (Stephens et al. 2001; 
Stephens and Scheet 2005).  Homozygous genotypes and genotypes with single 
heterozygous site or with indels were set as known alleles to improve the performance of 
PHASE analyses.  The phases of some sites could not be estimated confidently at 90% 
posterior probability.  The phases of these ambiguous sites were resolved using Clark’s 
(1990) parsimony algorithm to minimize the total number of haplotypes and singletons in 
the samples.  
Intra-locus recombination rates were estimated using a Bayesian method (Li and 
Stephens 2003) implemented in PHASE 2.1.1.  The haplotypes resolved using PHASE 
plus Clark’s (1990) algorithm were used as input for the recombination estimation.  The 
background recombination rate and the recombination rates between two polymorphic 
 10
sites were estimated and portrayed as 5,000 sampled points from the posterior 
distribution.  The factors by which the estimated recombination rates exceed the 
background rate were calculated, and the upper and lower bounds of 95% credible 
interval (CI) of these values were recorded.  If one or more estimated values were 
significantly larger than one, it means there has been significant recombination occurring 
between the corresponding sites.  Otherwise, we assumed that there was no intra-locus 
recombination within the locus. 
We used DnaSP 5 (Librado and Rozas 2009) to compute nucleotide diversity (π; 
Nei 1987) for each gene and θ (= 4Neµ; Nei 1987, equation 10.3) for each gene and each 
haplogroup.   
Neutrality Test 
Hudson-Kreitman-Aguade (HKA) tests (Hudson et al. 1987) implemented in the HKA 
program (http://genfaculty.rutgers.edu/hey/software) were used to test the neutrality of 
the mtDNA and nuclear introns.  The HKA test examines whether the association 
between the level of intra-specific (or intra-taxon) polymorphism and inter-specific (or 
inter-taxon) divergence departs from the expectation of an evolutionary neutral model for 
two or more genes.  This test can distinguish between the effects of demographic history 
and natural selection (Ballard and Whitlock 2004).  Only loci containing 5 or more 
individuals (10 or more nuclear sequences) for each phylogroup were included in the 
tests to avoid bias caused by low sample sizes.  These tests were applied to the pairwise 
comparisons among the three haplogroups (Caucasus, Europe, and Asia) as well as to the 
comparison between the three haplogroups combined and a single sequence from the S. e. 
arctica sample. 
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Gene Trees 
NETWORK 4.5.1.6 (fluxus-engineering.com) was used to generate a minimum spanning 
network of haplotypes (Polzin and Daneschmand 2003) for each gene.  The networks 
might not reveal genealogical processes, but they provide a useful illustration of the 
clustering of alleles.  The program MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003) was 
used to reconstruct a Bayesian phylogeny for each gene based on the substitution model 
selected using AIC tests in Modeltest 3.7 (Posada and Crandall 1998).  The majority-rule 
consensus tree was assembled based on two independent runs using the following 
conditions: 40 million steps, four chains, genealogies sampled every 1000 steps, the first 
25% of the steps discarded as burn-in. Convergence was assessed using burn-in plots of 
likelihood values and convergence diagnostic parameters and comparing results from two 
independent runs. 
Group Delimitation Using Multiple Nuclear Genes 
We used two methods to test whether the nuclear genes combined could recover a 
significant pattern of population structure.  First, the program STRUCTURE (Prichard et 
al. 2000) was used to determine the number of groups; the individual was the unit of 
analysis.  The 13 nuclear introns were formatted as single-nucleotide polymorphism 
(SNP)  (Manthey et al. 2011; Walstrom et al. 2012).  Individuals (n = 60) represented by 
two or more loci were used; 39 individuals were from the Asian haplogroup in the 
mtDNA tree, 14 from the European clade and seven from the Caucasus  (Supporting 
information Table S1.1).  The STRUCTURE analyses assumed an admixture model, 
correlated allele frequencies, and a fixed lambda value (which was inferred by setting K = 
1 and allowing lambda to be estimated in an initial analysis).  We analyzed the data for K 
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= 1 to 10 with five replicates for each value of K.  Each run contained 100,000 steps as 
burn-in followed by 1 million steps.  The ∆K was calculated ad hoc (Evanno et al. 2005) 
and used to identify the best estimate of K.  DISTRUCT (Rosenberg 2004) was used to 
produce figures from the STRUCTURE output. 
Second, Evolutionary Analysis Sampling Trees (*BEAST; Heled and Drummond 
2010) was used to reconstruct a population tree (sampled localities were the analytical 
units) to identify population structure based on multiple nuclear genes.  Although 
*BEAST is designed for estimating species trees, we used this program because (1) gene 
flow between populations may influence the estimate of divergence times or population 
sizes (Busch et al. 2011), but should not mislead the group delimitation of populations, 
(2) other studies have used this program to analyze phylogenetic relationships of 
populations, some of which were not reciprocally monophyletic for mtDNA or other gene 
trees, or had inter-population gene flow (e.g., Tavares et al. 2010; Busch et al. 2011), and 
(3) our analyses based on different numbers of loci and sampled localities returned 
convergent results (see the Results) and thus we believe that the application of this 
program to group delimitation is valid.  Because *BEAST requires each taxon (sampling 
locality in this case) to have at least one allele in each gene and the 13 introns were 
unevenly sampled, we adopted three datasets with different combinations of numbers of 
loci and localities, which were (1) 13 introns × 10 localities, (2) 5 introns × 16 localities 
and (3) 2 introns × 21 localities.  For the first dataset, five localities were in the Asian 
mtDNA haplogroup, four in the European one and one in the Caucasian one; for the 
second dataset, 11 were in the Asian haplogroup, four in the European one and one in the 
Caucasian one; for the third dataset, 15 were in the Asian haplogroup, five in the 
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European one and one in the Caucasian one (see Supporting information Table S1.1 for 
detailed information).  To evaluate the effect of Z-linked loci, two analysis based on the 
same datasets of 13 introns × 10 localities and 5 introns × 16 localities but omitting Z-
linked loci were conducted.  Unlinked substitution models based on Modeltest 3.7 
estimates were assigned to each of the 13 genes, gene-specific mutation rates were 
allowed, and a strict clock model was assumed for each gene.  Due to its high-resolution 
in the gene tree analysis (see the Results), the relative mutation rate of ACO-I15 gene 
was set as 1.0 so that branch lengths were scaled in units of substitution per site of the 
ACO-I15 gene (Kubatko et al. 2011).  Each *BEAST analysis included a MCMC chain 
of 100-300 million steps, sampled every 10,000 steps, and the first 10% of the steps were 
discarded as burn-in.  Trace plots were checked using TRACER v 1.5 (Rambaut and 
Drummond 2007) to assess convergence in MCMC analyses and three independent runs 
were performed to assure convergence in tree estimates.      
Species tree estimation  
We used *BEAST to explore the phylogeny among the three haplogroups defined by 
mtDNA, using the multilocus data from all available samples (Table 1.1) except for one 
individual that was assigned to one group based on mtDNA tree and another based on the 
STRUCTURE analyses and multilocus population trees (see the Results).  The analytical 
unit was the mtDNA haplogroup.  This approach allowed us not only to use the whole 
dataset but also to estimate the posterior probabilities for all three possible phylogenetic 
topologies.  To evaluate the signal from the mtDNA data, we prepared two datasets for 
analyses, one contained all the 14 loci (mtDNA and 13 nuclear introns) and the other 
contained only the 13 introns. The program was run using the same conditions as those in 
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the population tree analysis except that additional analyses assuming a relaxed 
uncorrelated lognormal clock model for each gene were conducted. 
Likelihood ratio tests for species tree topologies 
We modified Carstens and Knowles’ (2007) coalescence-based likelihood ratio tests to 
assess whether a particular species tree topology was significantly better than others 
(including a trichotomous topology).  The computation process involved: (1) estimating a 
maximum likelihood (ML) gene tree for each locus using the RAxML web server 
(http://phylobench.vital-it.ch/raxml-bb/index.php; Stamatakis et al. 2008), (2) estimating 
the probability of each gene tree for a specific species tree using the coalescence-based 
program STELLS (Wu 2012), (3) calculating the log-likelihood of each species tree from 
the product of the gene tree probabilities for a given species tree, and (4) using likelihood 
ratio tests to assess whether the most likely species tree was significantly better than the 
suboptimal species trees after accounting for multiple comparisons with a Bonferroni 
correction.   
For the ML gene tree estimation, we included only one allele for each (unique) 
haplotype in the dataset; however, if a haplotype was shared by individuals from two or 
three groups (i.e., the mtDNA haplogroups), we included one allele per group for the 
haplotype.  The reduction in sample sizes facilitated the calculation of gene tree 
probabilities and avoided extremely low probabilities due to large numbers of tips in gene 
trees (J. H. Degnan, personal commun.) without resulting in misleading gene tree 
topologies.  For the two loci with large numbers of haplotypes (i.e., mtDNA with 51 
haplotypes and TGFB2-I15 with 44 haplotypes), we randomly picked 25 haplotypes to 
estimate gene trees three times and used the geometric mean of the three gene tree 
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probabilities for log-likelihood calculation.  The individual branch lengths of species tree 
defined by STELLS are the numbers of generation divided by 2 Ne (for autosomal genes, 
but 1/2 Ne for mtDNA and 3/2 Ne for Z-linked genes).  The STELLS algorithm allows 
searching for the branch lengths that maximize the likelihood of a specific species tree 
topology given the gene trees (with the same ploidy), and thus can solve the problem of 
manually examining a large tree space in Carstens and Knowles’ (2007) approach (Wu 
2012).  Before computing the probabilities of the 14 gene trees at the second step 
mentioned in the last paragraph, we used STELLS to find the branch lengths with the 
highest support based on the 10 autosomal genes (i.e., not including TGFB2-I15, the two 
Z-linked loci and mtDNA) for the three species tree topologies, ((Asia, Europe), 
Caucasus), ((Asia, Caucasus), Europe) and ((Europe, Caucasus), Asia), with an initial 
total tree depth of 0.5 and an initial internal branch length of 0.1.  The purpose here was 
not to find the best species tree but species trees with branch lengths close to the optimal 
ones, allowing reliable likelihood ratio tests.  The branch lengths of the trichotmoous 
species tree, (Asia, Europe, Caucasus), were obtained by averaging those of the three 
bifurcating species trees (see Supporting Information Fig. S1.1) and enforcing the 
internal branch length as 0.  The branch lengths of species trees were re-scaled according 
to ploidy when computing the mtDNA and Z-linked gene tree probabilities. 
Demographic History 
The program IMa (Hey and Nielsen 2007) was used to estimate the effective population 
sizes of two current populations and their common ancestral population (θ1, θ2, and θa, 
respectively; θ = 4Neµ), migration rates (m1 and m2; m = m/µ), and divergence times (t = 
tµ) between haplogroups.  All estimated parameters in IMa are scaled to the substitution 
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rate, µ.  A minimum of two independent analyses of > 2 × 107 steps after a burn-in of 106 
steps were performed for each pairwise comparison.  Plots of trend lines and the effective 
sample size values (ESS > 250) were examined to assess convergence in parameter 
estimates.  Also, at least two independent analyses were performed and compared with 
each other to assure convergence.  To convert the scaled divergence time to real time, we 
calculated the geometric mean of the substitution rates of these 14 loci by multiplying the 
sequence lengths by 4 × 10-8 substitutions/site/year for ND2 (Arbogast et al. 2006; we 
also used a widely used rate for avian mtDNA, 1× 10-8 substitutions/site/year, see Lovette 
2004; Weir and Schluter 2008), 1.35 × 10-9 substitutions/site/year for autosomal introns 
(Ellegren 2007), and 1.62 × 10-9 substitutions/site/year for Z-linked introns (given the 
mean divergence of Z-linked introns between chicken and turkey is 1.2 time higher than 
that of autosomal introns; Ellegren 2007).  The IMa analyses were applied to all available 
individuals and loci (Table 1.1).  Analyses based only on the 13 introns were also 
performed to avoid potential bias introduced by the completely sorted mtDNA sequences 
(see Google groups of Isolation with Migration, 
http://groups.google.com/group/isolation-with-migration/, Jan 24, 2007).  IMa2 (Hey 
2010), which allows multiple populations to be analyzed simultaneously, was deemed not 
useful for this study due to the uncertain topology for the three haplogroups (see 
Supporting information for additional IMa2 analyses). 
Results 
Gene Diversity and Neutrality 
We obtained sequence data for 12 to 72 individuals for 11 autosomal and two Z-linked 
introns (Table 1.1).  The 13 introns were located on 10 different chromosomes, including 
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two on the Z chromosome (Table 1.1).  Nucleotide diversity (π) estimates of the 13 
nuclear loci ranged from 0.0012 to 0.0079 (mean = 0.0048), all of which were smaller 
than that for mtDNA (0.015).  The mutation rate scalars estimated by IMa for these 
nuclear loci ranged from 0.283 to 1.722, and were smaller than that for mtDNA (11.965).  
Theta (Nei 1987) for the Asian phylogroup was the largest (0.0094 in mtDNA and 0.0061 
± 0.0029 [SD] in nuclear genes), followed by the European group (0.0029 in mtDNA and 
0.002 ± 0.0016 in nuclear genes) and the Caucasian group (0.001 in mtDNA and 0.001 ± 
0.0012 in nuclear genes; Table 1.1).  To evaluate the effects of differing sample sizes 
among the three groups, we randomly sampled the same numbers of individuals as those 
in the Caucasian group from the Asian and European groups three times.  Estimates of θ 
showed the same relative ranking (0.0048 and 0.0024 in mtDNA and 0.0054 ± 0.0026 
and 0.0024 ± 0.0018 in nuclear genes for the Asian and European groups, respectively).  
Seven of 13 introns contained one to three indels, which ranged from one to 14 bp (Table 
1.1).  No intra-locus recombination was detected in the 13 introns.  Seven loci (ND2, 
ACO-I15, TGFB2-I5, RHO, 17483, 13380, and 12021) containing 5 or more individuals 
for each phylogroup were included in the HKA tests.  The multilocus HKA tests could 
not reject the neutral model in all pairwise comparisons among the three phylogroups (P 
= 0.62, 0.79, and 0.94; 10,000 permutations) and the comparison between the three 
phylogroups combined and S. e. arctica (P = 0.23; 10,000 permutations). 
MtDNA and Nuclear Gene Trees 
The mtDNA haplotype network revealed three distinct haplogroups separated from one 
another by 29 and 32 mutational steps (Fig. 1.1b).  In the Asian group, most haplotypes 
radiated from one common haplotype by one to four mutation steps, except for one 
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haplotype from Japan that was separated from the common one by 11 mutation steps.  
The same three haplogroups were also revealed in the neighbor-joining tree (Zink et al. 
2006) and the Bayesian consensus tree (not shown).  However, the relationship among 
the three mtDNA haplogroups in the neighbor-joining and Bayesian trees appeared to be 
a trichotomy with low support for the short internal branch.  The networks and Bayesian 
consensus trees (not shown) for each nuclear gene were not geographically structured 
except for three loci, ACO- I15, ABCA1, and 14783 (Supporting information Fig. S1.2).  
The networks and gene trees for these three loci showed to some extent geographic 
structure corresponding with the Asia-Europe-Caucasus pattern (Supporting information 
Fig. S1.2).  Two of these three loci, ACO-I15 and ABCA1, are Z-linked. 
Group Delimitation using Multiple Nuclear Genes 
 The STRUCTURE analyses showed that three-group structure has the highest support 
based on ∆K (Fig.1c and Supporting information Fig. S3; all individuals had estimated 
membership coefficients [Q] > 0.99 expect for two with Q = 0.98 and one with Q = 0.83).  
These groups matched the mtDNA tree except for one individual from Vyatka, which 
was assigned to the Asian group on the mtDNA tree but to the European group in the 
STRUCTURE analyses (Fig. 1.1).  A two-group pattern (Asia and Europe plus Caucasus) 
had the second highest support based on ∆K (see Supporting information Fig. S1.3 and 
S1.4).  
The *BEAST population trees based on the three datasets with different 
combinations of numbers of loci and localities all recovered the three mtDNA 
phylogroups (i.e., Asia, Europe, and Caucasus) (Fig. 1.2a, 1.2b and 1.2c).  The Vyatka 
individual was assigned to the European group (Fig. 1.2b and 1.2c) as in the 
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STRUCTURE analyses.  The population trees had low posterior probabilities for the 
internal node leading to the Asian and European groups (Pp = 0.68, 0.56 and 0.8).  The 
two analyses (not shown) omitting Z-linked loci recovered the same population trees as 
those based on the original datasets.  
Multilocus Phylogenetic analyses of MtDNA Phylogroups 
The species trees did not support a bifurcating pattern among the three mDNA 
haplogroups (Fig. 1.2d).  The species trees based on the 13 introns or 14 genes (mtDNA 
and 13 introns), assuming a strict clock or a relaxed uncorrelated lognormal clock model, 
all had low posterior probabilities for a sister-group relationship between the Asian and 
European groups ranging from 0.64 to 0.73 and a relatively short internal branch 
compared to the terminal branches (Fig. 1.2d).  Although the posterior probabilities for 
the internal nodes leading to the Asian and European groups were higher than those for 
the other two possible topologies (ranging from 0.27 to 0.1 for the datasets with the 13 
introns or 14 genes and a strict or relaxed clock model), they were smaller than 0.95 (the 
threshold for confident inferences in Bayesian-based trees; Alfaro et al. 2003).  
Therefore, these results suggested that the three groups diverged from one another during 
a relatively short period of time if not simultaneously. 
Likelihood ratio tests for species tree topologies 
 Although the species tree topology of ((Asia, Europe), Caucasus) had the highest 
likelihood, the likelihood ratio tests showed that this tree topology was not significantly 
better than the trichotomous tree or the other two bifurcating topologies (Table 1.2).  
Thus, a trichotomous divergence history among these three groups could not be rejected, 
which was consist with the *BEAST analyses. 
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Demographic History 
The IMa analyses (based on mtDNA and 13 introns) showed that the effective population 
sizes (θ) of these three haplogroups were statistically different from one another as their 
95% CIs did not overlap (Fig. 1.3a, 1.3c, and 1.3e): the Asian group (6.77, 95% CI = 5.29 
- 8.97) was the largest, the European group (1.17, 95% CI = 0.81 - 1.76) was second 
largest, and the Caucasian group (0.32, 95% CI = 0.16 - 0.64) was the smallest.  The 
Asian group was statistically larger than its ancestral population (0.96, 95% CI = 0.20 - 
3.29), whereas the effective population sizes of the other two groups were not statistically 
different from their ancestral populations (Fig. 1.3a, 1.3c, and 1.3e).  The analysis 
suggested that there has been a low level of gene flow between the European and Asian 
groups since divergence (Fig. 1.3b).  The converted migration rates (Nem) were 0.07 
individual per generation (95% CI = 0.02 - 0.21) from the Asian to European group and 
0.38 individual per generation (95% CI = 0.17 - 0.83) from the European to Asian group.  
There was no gene flow in other comparisons (Fig. 1.3d and 1.3f), or the posterior 
distribution of the migration rate did not allow us to reject zero (i.e., the migration rate 
from the Asian to Caucasian group in Fig. 1.3d).  The divergence times of the three 
comparisons were not statistically different from one another because their CIs overlap 
considerably (Fig. 1.3g).  The converted divergence times (using the lower substitution 
rate, 1 × 10-8 substitutions/site/year, for the mtDNA data) were 1,800,000 years (95% CI 
= 1,060,000 – 2,510,000 years) between European and Asian groups, 1,510,000 years 
(95% CI = 700,000 – 2,200,000 years) between Caucasian and Asian groups, and 
1,140,000 years (95% CI = 680,000 – 1,880,000 years) between Caucasian and European 
groups.  These estimates using the higher mtDNA substitution rate (1,260,000 to 
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2,000,000 years, the peak values of posterior distributions of the three comparisons; 4 × 
10-8 substitutions/site/year for the mtDNA substitution rate) were similar to those using 
the lower rate.  The IMa estimates based solely on the 13 introns suggested a similar 
history to that based on mtDNA plus the 13 introns.  The CIs of the divergence times of 
the three comparisons based on the 13 introns (Fig. 1.3h) overlap more than those based 
on mtDNA plus the 13 introns (Fig. 1.3g).  The range of divergence times based on the 
13 introns was from 1,080,000 to 1,580,000 years (the peak values of posterior 
distributions).  
 
Discussion 
Patterns of Selection and Genetic Variation of MtDNA and Introns 
Several authors suggest that mtDNA is biased by natural selection and that evolutionary 
inferences based on mtDNA are flawed  (e.g., Dowling et al. 2008; Galtier et al. 2009).  
Zink et al. (2006) specifically addressed the question of selection acting on mtDNA 
sequences of nuthatches, and concluded that some substitutions were slightly deleterious, 
but the overall phylogeographic pattern was not obscured by (purifying) selection.  
Because neutrality tests based on single loci suffer from the confounding effect of 
demographic change (Ballard and Whitlock 2004), which is the case in nuthatches, we 
used a more sophisticated method, the HKA test, to compare multiple genes in this study.  
The HKA tests showed no evidence of selection on the mtDNA and the nuclear introns.  
Therefore, the patterns of genetic variation of the mtDNA and introns are dominated by 
the joint effects of genetic drift and gene flow rather than natural selection.   
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The observed differences in genetic diversities between the mtDNA and introns 
reflect their neutral evolutionary rates (Kimura 1968, 1969).  The genetic diversities of 
introns were 2 to 10 (mean = 3) times lower than that for mtDNA.  The differences in the 
mutation rate scalars, indicating relative mutation rates of genes from IMa, between 
mtDNA and introns were even larger (Table 1.1).  Although the mutation rate scalars 
depend on the lengths of genes (because IMa defines mutation rate on a per-locus, not per 
nucleotide, basis; Hey and Nielsen 2004), which were about twice as long on average for 
ND2 than for these introns (Table 1.1), the differences in the mutation rate scalars 
between ND2 and introns were more than two times larger.  Consequently, the results 
indicate that the substitution rate of ND2 is higher than introns in Eurasian nuthatches, 
which is concordant with other reports (Arbogast et al. 2006; Ellegren 2007), although a 
few exceptions have been observed (e.g., Bensch et al. 2006). 
Patterns of Variation and Coalescence Time 
Most nuclear gene trees, except for the sex-linked ones, did not recover the three groups 
observed in the mtDNA gene tree.  Other multilocus studies reported that mtDNA trees 
reached reciprocal monophyly whereas nuclear gene trees had not (e.g. Dolman and 
Moritz 2006; Lee and Edwards 2008), although a few exceptions have been reported 
(e.g., Brelsford and Irwin 2009).  These observations are consistent with the positive 
relationship between coalescence times and the Ne of loci with different modes of 
inheritance (see Palumbi et al. 2001; Hudson and Coyne 2002).  For example, the three-
times rule (Palumbi et al. 2001) as well as other theoretical studies (Maynard Smith 1987; 
Birky 1991) state that under neutrality, most autosomal genes (> 50%) will be 
monophyletic when divergence time exceeds 4 Ne whereas mtDNA reaches reciprocal 
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monophyly when divergence time is 1 Ne (or 2 Nef assuming a 1:1 sex ratio).  Based on 
the same rationale, we can predict that most Z-link genes will be monophyletic when 
divergence time is larger than 3Ne.  However, other studies have indicated that the 
stochasticity of the coalescence process, population structure, or changes in population 
size can result in deviations from the three-times rule.  Hudson and Turelli (2003) used 
simulations (ignoring population changes and structure) to show that the divergence time 
for most nuclear genes (> 50%) exhibiting monophyly can be 2-3 times longer than the 
three-times rule predicts.   
In this study, the divergence times were 16.1, 4.6, and 0.9 Ne (averaging the 
pairwise comparisons from IMa) for the Caucasian, European, and Asian groups, 
respectively.  This explains why the Caucasian and European groups were on long 
branches in the mtDNA neighbor-joining tree in Zink et al. (2006; their Fig. 4), whereas 
the Asian group was reciprocally monophyletic but with a shorter branch.  According to 
the three-times rule, the Caucasian and European groups should exhibit monophyly in 
most autosomal and Z-linked genes, whereas the Asian group is less likely if at all to 
exhibit monophyly for nuclear loci.  According to Hudson and Turelli (2003), only the 
Caucasian, but not European or Asian, group should exhibit monophyly in most nuclear 
genes.  Our results are more consistent with Hudson and Turelli’s (2003) predictions than 
the three-time rule, sensu stricto.  For example, nuclear alleles from the Caucasus usually 
tend to be clustered together, but the European group rarely reached monophyly for 
autosomal genes (Supporting information Fig. S1.2).   
The fact that Z-linked genes were more geographically structured than autosomal 
genes supports the logic of the three-time rule (i.e., coalescence times are positively 
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related to Ne of genes), although not its quantitative prediction.  Other possible causes for 
the higher geographically structured Z-linked genes than autosomal genes are (1) higher 
variance in male reproductive success (Barker et al. 2008), (2) female-biased dispersal, or 
(3) reduced gene flow in sex-linked genes because of Haldane’s rule (Carling and 
Brumfield 2008).  Although known as a socially monogamous bird, extra-pair breeding 
has been reported in Sitta europaea (Segelbacher et al. 2005), and the resulting higher 
variance in male reproductive success might reduce the Ne of Z-linked genes more than 
autosomal ones (Nunney 1993; Barker et al. 2008).  Therefore, the coalescence rate of Z-
linked genes could be higher than the expectation based solely on their ploidy.  Second, 
females are the dispersing sex in most passerine birds (Clarke et al. 1997) and the 
resulting female-biased dispersal (i.e., male philopatry) can increase geographic structure 
in Z-linked genes.  However, the estimated gene flow levels among these nuthatch groups 
(0.07 and 0.38 individuals/generation between the Asian and European groups, and zero 
between the other two comparisons) were too low to prevent differentiation by drift 
(Crow and Kimura 1970; Slatkin 1987).  Thus, female-biased gene flow is unlikely to 
explain the different level of geographic structure between the Z-linked and autosomal 
genes in nuthatches.  Finally, Haldane’s rule (Haldane 1922) predicts limited gene flow 
in sex-linked genes due to sex-skewed hybrid incompatibility, but it only applies to 
partially reproductively isolated taxa.  We do not have information regarding the level of 
reproductive isolation among these nuthatch groups.  Therefore, the third hypothesis is 
not testable in this case.  Therefore, we think that the smaller Ne of Z-linked genes due to 
smaller ploidy and/or higher variance in male productive success leads to their higher 
geographical structure. 
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 Despite little or no geographic structure in many nuclear gene trees, the 
population trees based on the nuclear genes combined revealed the same phylogeographic 
pattern as did the mtDNA gene tree.  Thus, the three mtDNA groups of Eurasian 
nuthatches define valid taxa.  We believe that the lack of geographic structure shown by 
most of the autosomal loci is due to their longer coalescence times, not a pattern of male-
mediated gene flow, which is supported by the fact that Z-linked genes showed higher 
levels of geographic structure than the autosomal introns. 
Multilocus versus MtDNA Phylogenetics of the Eurasian Nuthatch 
The phylogenetic trees based on mtDNA alone, the 13 introns alone, or mtDNA plus the 
13 introns had low support for the (short) internal branch.  Although the *BEAST species 
trees had higher support for the sister relationship of the Asian and European than the 
other two possible alternatives, the posterior probabilities (0.64 to 0.73) were not high 
enough for confident inference (Alfaro et al. 2003) and the STRUCTURE analyses 
revealed an alternative history that the Asian group split first from the other two groups 
(when K= 2, Supporting information Fig. S1.4).  Furthermore, the likelihood ratio tests 
based on the 14 genes could not reject the trichotomous species tree topology.  These 
results indicate that the three groups separated from one another closely in time, which 
was suggested by the mtDNA gene tree (Zink et al. 2006). Similarly, the posterior 
probability distributions of divergence time estimates between these groups overlapped 
with one another considerably.  Thus, the IMa analysis was consistent with the inference 
of temporally close or a simultaneous origin(s) of the three groups. 
Comparison of Demographic Inferences Based on MtDNA Versus Nuclear Loci 
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The mtDNA gene tree, with deeply reciprocally monophyletic groups, suggests no 
recent gene flow among the three groups, coinciding with the STRUCTURE results.  
However, IMa estimated low gene flow levels between the Asian and European groups 
(0.07 and 0.38 individuals/generation).  We argue that the IMa estimates of gene flow 
could be exaggerated by (1) the input from the Vyatka individual, (2) a low level of 
homoplasy in the introns given that reticulations are common in the haplotype networks 
of these introns (Supporting information Fig. S1.2; Bandelt et al. 1999), or (3) poor fit of 
substitution models available in IMa to the data (Strasburg and Reiseberg 2010).  We 
conducted two additional IMa analyses based on the data excluding (a) the Vyatka 
individual and (b) the Vyatka individual plus two introns with the most reticulated 
haplotype networks (i.e., TGFB2-I5 and RHO).  The posterior probability distributions 
moved towards zero and included the probability of zero in the two additional IMa 
analyses although their peaks were still larger than zero (Supporting Information Fig. 
S1.5).  Therefore, the first two hypotheses can at least partially explain the apparently 
conflicting estimates of gene flow between the mtDNA tree and nuclear-based IMa 
analyses.  The third hypothesis is difficult to test without a greater array of substitution 
models in IMa.  By contrast, we cannot rule out an alternative hypothesis that mtDNA is 
a less sensitive indicator of gene flow than nuclear genes.  The lower absolute numbers of 
immigrating genes in mtDNA compared with autosomal genes (i.e., only females 
transmit mtDNA whereas both male and female immigrants carry two copies of 
autosomal genes) can make the former less sensitive to gene flow especially at a level of 
smaller or equal to one individual per generation, which is sufficient to prevent 
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population differentiation regardless of population size (Crow and Kimura 1970; Slatkin 
1987). 
Analyses of mtDNA data suggest the same relative rankings of effective 
population sizes for the three phylogroups as do the multiple nuclear genes.  That is, the 
Asian phylogroup was the largest, the European group was the second largest, and the 
Caucasian group was the smallest (Table 1.1, Fig. 1.3).  IMa analyses suggest that the 
Asian group experienced dramatic population expansion since divergence, whereas the 
other two groups did not.  The star-like cluster of mtDNA haplotypes, detected in the 
Asian group but not in the other two groups (Fig. 1.1b), is consistent with the IMa 
analyses suggesting population expansion in the former group.  The multilocus IMa 
analyses based solely on nuclear data suggest that the three phylogroups separated from 
one another 1 to 1.6 million years (Ma) ago.  MtDNA sequence divergence between the 
three phylogroups ranges from 0.0287 to 0.0384 substitutions/site.  If we use the 
substitution rate of 1 × 10-8 substitutions/site/year (Lovette 2004; Weir and Schluter 
2008), the divergence times range from 1.44 to 1.92 Ma ago, which are similar to the 
nuclear-based IMa estimates.  However, if we apply the substitution rate of 4 × 10-8 
substitutions/site/year (Arbogast et al. 2006) to the ND2 data, the divergence times range 
from 0.36 to 0.48 Ma ago, which are much younger than the nuclear-based IMa 
estimates.  The higher substitution rate may be only applicable to the relatively recent 
events, e.g., < 1 Ma ago, which are less likely to be influenced by purifying selection and 
sequence saturation (Ho et al. 2005; Arbogast et al. 2006).  Nonetheless, this suggests 
caution in interpreting ages of divergence based solely on mtDNA. 
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Estimates of divergence time and population expansion derived from mtDNA are 
generally consistent with those suggested by the nuclear loci in this study.  However, 
multilocus data help quantify demographic parameters because the CI of estimates 
decreased as the numbers of loci used increased (Supporting Information Fig. S1.6 and 
Table S1.2; also see Lee and Edwards 2008).  In addition, comparing mtDNA and 
nuclear genes is useful to identify introgression (Bossu and Near 2009).  For example, the 
individual from Vyatka, located between the Asian and European groups, was assigned to 
the former in the mtDNA tree but to the latter in the *BEAST population trees and 
STRUCTURE estimates based on multiple nuclear genes (Fig. 1.1).  Given the long 
branches of the Asian and European groups in the mtDNA tree and the multilocus 
population trees, we believe that this conflicting pattern was a result of recent but 
infrequent immigration rather than incomplete lineage sorting.  However, more samples 
from this area are required for detailed analyses of introgression, which is beyond of the 
scope of this present study.  
There have been at least eight glacial periods during the past 2 million years 
(Gibbard and Van Kolfschoten 2004), each of which also contained several glacial-
interglacial cycles (Svendsen et al. 2004; Lisiecki and Raymo 2007).  Thus, the changes 
in population sizes and distribution ranges of the three groups were likely more dynamic 
than can be detected with these data and methods.  Nevertheless, the results characterize 
the main trend in the phylogeographic history of nuthatches as a (nearly) three-way split 
occurring during the early or middle Pleistocene (1-2 Ma ago; Head et al. 2008), a 
negligible level of gene flow if at all between the Asian and European groups, and 
isolation of the Caucasus, and more recent population expansion in the Asian group.  An 
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interesting yet unanswered question is how these three groups have remained separate 
from another one over several glacial cycles during which their ranges could separate and 
connect repeatedly. 
Taxonomy and Implications for the speciation process  
The mtDNA and nuclear data suggest the existence of three taxa within the Eurasian 
nuthatch.  Any phylogenetic analysis or conservation assessment that requires knowledge 
of independently evolving taxa should use the three taxa confirmed in this study rather 
than considering the species as a single unit.  We suggest that these three taxa are 
phylogenetic species, and likely biological species.  However, we suggest that taxonomic 
changes are not yet warranted, pending analysis of the remainder of the range.  For 
example, our preliminary analyses suggest additional taxa in eastern Asia. 
 Most students or models of the evolutionary process assume that population 
divergence is a dichotomous process.  Many analyses of mtDNA have suggested multiple 
contemporaneous splits (e.g., Salzburger et al. Marmi et al. 2006; Pastene et al. 2007; 
Klicka et al. 2011), but with only a single gene tree, strong inferences are not possible.  In 
the Eurasian nuthatch, our survey of nuclear loci confirms the inference from mtDNA 
that a single lineage split into three taxa simultaneously or during a short period of time.  
Although adding more genes might resolve the trichotomy, it is possible that the groups 
separated from one another during the same geographic event such as one glacial 
advance.  If this phenomenon is confirmed in other lineages, it will imply that bifurcation 
is not the only mode for diversification. 
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Figure 1.1. (a) Breeding range of the Eurasian nuthatch Sitta europaea and location of 
sample sites (from Fig. 1 in Zink et al. 2006).  Black circles indicate sample sites in the 
Asian clade, white circles indicate those in the European clade, and the gray circle 
indicates that in the Caucasian clade.  (b) Network of mtDNA haplotypes constructed 
using the minimum spanning criterion.  Colors of circles on the network indicate the 
clades corresponding to those in (a).  Open triangles indicate unsampled or extinct 
haplotypes.  Sizes of circles are proportional to haplotype frequencies.  Short lines 
indicate one mutation step.  (c) STRUCTURE results was shown when K = 3 and colors 
of vertical columns, indicating individual samples, corresponding to those in (a).  The 
black circle in (c) indicates the individual from Vyatka assigned to the European group in 
the STRUCTURE analyses but to the Asian group in the mtDNA network.  
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Figure 1.2. Multilocus *BEAST population trees (a, b and c) and species tree (d).  
Analyses were based on the datasets (a) 13 introns × 10 localities, (b) 5 introns × 16 
localities, (c) 2 introns × 21 localities, and (d) 13 introns plus mtDNA and 13 introns 
from all available samples except for the Vyatka individual.  Colors of vertical bars in (a), 
(b) and (c) corresponding to geographic regions (Fig. 1a) and those in mtDNA network 
(Fig. 1b).  Posterior probabilities (Pp) for the nodes and only > 0.5 are presented above or 
below branches.  In (d), Pp above the internal brach are based on the data of 13intron plus 
mtDNA with strict clock/relaxed clock model and Pp below the branch are for the data of 
13 intron.  The trees were rooted with one S. e. arctica sample. 
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Figure 1.3. The marginal posterior probabilty distribution of the IMa model parameters 
scaled by the geometric mean of substitution rates of genes, µ.  Effective population sizes 
(θ) of the pairwise comparisons among the Asian (As), European (Eu), and Caucasina 
(Ca) groups and their ancestral populations are shown in (a), (c), and (e).  Migration rates 
(m) in two directions for each pairwise comparsions are in (b), (d), and (e).  Divergence 
times (t) of the three pairwise comparsions are in (g).  The results above (from a to g) are 
based on the sequence data from mtDNA (complete ND2 gene) and 13 introns combined.  
Divergence times of the three pairwise comparsions based on the 13 introns are shown in 
(h).  Note that µ of the mtDNA and 13 introns combined is larger than that of the 13 
introns. 
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Table 1.1. Characteristics of the 14 loci in this study.  Chr indicates the chromosome 
where the gene is located.  L indicates the length of the locus used in the analyses.  
Individual shows the number of individuals sequenced and value within the parentheses 
indicates the number of individuals in Asia/Europe/Caucasus.  Clark / PHASE indicates 
the number of haplotypes determined by PHASE program followed by Clark’s (1990) 
parsimony algorithm (numerator) and solely by PHASE (denominator).  π indicates the 
nucleotide diversity.  θ(As), θ (Eu), and θ (Ca) indicate 4Neµ of the haplogroups, Asia, 
Europe, and Caucasus, estimated based on Nei (1987).  Mutation rate scalars, estimated 
using IMa based on the Europe-Asia comparison, indicate the relative mutation rates of 
the 14 loci with a geometric mean of one.  The lengths of indels are listed as they 
occurred in each locus. 
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Locus Chr L Individual Clark / PHASE π θ(As) θ (Eu) θ (Ca) 
Mutation 
rate scalar  
Indel 
length 
ND2 Mt* 1041 136 (102/23/11) 51# 0.0154 0.0094 0.0029 0.0010 11.97  
ACO-I15 Z 513 72 (50/15/7) 12/12 0.0059 0.0055 0.0005 0.0007 0.63  
TGFB2-I5 3 476 70 (42/16/11) 42/43 0.0061 0.0099 0.0032 0.0006 1.72 14 
RHO 12 847 24 (12/7/5) 21/21 0.0038 0.0054 0.0011 0.0004 1.38 1 
17483 4 486 27 (15/7/5) 15/15 0.0056 0.0031 0.0039 0.0022 0.75 2 
13380 7 678 26 (14/7/5) 20/21 0.0078 0.0096 0.0042 0 1.60 5, 8, 1 
12021 24 691 25 (14/6/5) 17/17 0.0052 0.0056 0.0029 0.0005 1.09  
08352 5 378 12 (5/4/3) 9/9 0.0077 0.0075 0.0051 0.0035 0.89  
06635 6 559 12 (5/4/3) 6/6 0.0056 0.0079 0.0014 0.0024 1.21 12, 4, 5 
01304 11 685 12 (5/4/3) 11/11 0.0052 0.0052 0.0017 0 1.15 1 
09385 20 313 12 (5/4/3) 7/7 0.0038 0.0045 0.0037 0.0028 0.28  
11074 20 392 12 (5/4/3) 11/11 0.0012 0.0108 0.0030 0 1.36  
14765 3 799 12 (5/4/3) 5/5 0.0013 0.0022 0.0005 0 0.44 2, 1 
ABCA1 Z 365 12 (5/4/3) 5/5 0.0038 0.0021 0 0 0.40  
    
Mean  
(± SD)† 
0.0048 
(± 0.0021) 
0.0061 
(± 0.0029) 
0.002 
(± 0.0016) 
0.0010 
(± 0.0012) 
0.99 
(± 0.47)  
* mitochondrial DNA 
#
 number of mtDNA haplotype, not determined by PHASE or Clark’s algorithm 
† mean (± standard deviation) of values for 13 nuclear genes
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Table 1.2. Likelihood ratio tests among four species tree topologies.  ln L indicates log-
likelihood for the given species tree calculated from the product of the probabilities of 14 
gene trees.  2∆L indicates twice the log-likelihood difference between the optimal and the 
suboptimal topologies.  df indicates degrees of freedom.  Probability (of chance 
occurrence) is calculated from χ2 after correcting for multiple comparisons with a 
Bonferroni correction.  The branch lengths of these species trees are shown in the 
Supporting information Fig. S1.3.   
Species tree topology ln L 2∆L df Probability 
((Asia, Europe), Caucasus) -469.105 0  
 
((Europe, Caucasus), Asia) -469.713 1.216 1 > 0.05 
(Asia, Europe, Caucasus) -470.610 3.010 1 > 0.05 
((Asia, Caucasus), Europe) -471.481 4.752 1 > 0.05 
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Determining the underlying mechanisms of genetic diversity has attracted considerable 
attention in evolutionary biology.  The purpose of this study is to assess whether 
demographic or selective factors caused drastically lower genetic variation in the 
mitochondrial DNA (mtDNA) ND2 gene of a widely distributed Palearctic flycatcher, 
Ficedula albicilla, compared with its sister species, F. parva.  Two other mtDNA regions 
(Cytb and COI) were sequenced to confirm the patterns observed in ND2, and 18 nuclear 
genes were used to estimate the phylogeographic histories of the two species.  I 
accounted for historical demographic changes when using simulations to test for 
neutrality.  I used likelihood ratio tests of hypotheses and models of protein structure to 
determine if mtDNA was subject to positive selection.  Although F. albicilla, but not F. 
parva, experienced a recent population expansion perhaps following a historical 
population bottleneck, this demographic history cannot explain the extremely low 
mtDNA variation of the former.  In fact, the mtDNA variation of both species is 
inconsistent with neutral expectation.  There was mixed evidence for positive selection 
directly affecting the mtDNA.  It is highly likely that demographic fluctuation and 
selective forces (positive selection or selective sweeps) work in concert to dramatically 
reduce the mtDNA variation of F. albicilla.   
 
 
 
 
Supplementary Material 
Supporting tables 2.1-2.3 are available online. 
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Introduction 
Whether the mechanisms underlying observed genetic diversity are neutral or selection-
driven has fueled a continuous debate over several decades in evolutionary biology 
(Hughes 2007; Hahn 2008; Wares 2010).  The neutral theory predicts that most genetic 
variation has no effect on fitness and is positively correlated to the sizes of populations 
(Kimura 1983).  Observations that conflict with this relationship have often been cited as 
evidence for positive (adaptive) selection (e.g., Bazin et al. 2006; Bensch et al. 2006).  
However, few studies have explicitly taken into account historical demographic processes 
when testing for selection.   
Reduced genetic variation in a population can be caused by demographic (neutral) 
factors, selective factors, or both.  Demographic events such as population bottlenecks 
can reduce genetic variation through reducing population sizes and facilitating genetic 
drift (Nei et al. 1975).  Similarly, selective fixation of a beneficial mutation can abruptly 
reduce genetic variation in the gene or genes linked to the targeted gene via hitchhiking 
(selective sweeps or genetic draft; Maynard-Smith and Haigh 1974; Gillespie 2000, 
2001).  Although theoretical work for each of these factors is well developed, 
disentangling the two confounding factors from empirical data remains challenging. 
 Impacts of a particular demographic history should be genome wide, whereas 
selective events are more likely to affect different regions of a genome separately due to 
recombination (Hudson et al. 1987).  Therefore, comparing genetic variation across 
independent genes can distinguish the two types of factors.  However, stochastic 
coalescence or mutation processes can result in seemingly inconsistent variation among 
genes even under neutrality (Rosenberg and Nordborg 2002).  Thus, comparisons should 
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take into account such stochasticity to prevent biased inferences (Peters et al. 2012).  In 
addition, it is possible that demographic and selective factors work in concert to tailor 
genetic variation.  Therefore, explicitly dissecting the underlying processes of the 
observed pattern can reveal a more comprehensive picture.   
The mitochondrial DNA (mtDNA) of two sister species of Old World flycatchers, 
Ficedula albicilla (red-throated flycatcher) and F. parva (red-breasted flycatcher), 
provide a useful opportunity to study the confounding effects of demographic and 
selective factors in shaping genetic variation.  Zink et al. (2008) found that 75 F. albicilla 
individuals, sampled from the major breeding range across over 4,500 kilometers, shared 
the same haplotype for the ND2 gene (Fig. 2.1).  On the other hand, they found that 16 F. 
parva individuals shared five ND2 haplotypes.  This striking pattern raises the question 
of whether the different patterns of mtDNA variation are caused by different 
demographic histories or selection forces.  In this study, I present sequence data from two 
additional mtDNA regions (Cytb and COI), 17 introns, and one exon for both species and 
utilize coalescence-based approaches, neutrality tests, likelihood ratio tests and protein 
structure modeling to 1) test whether the evolution of mtDNA departs from neutral 
expectation by considering demographic history, 2) search for evidence of positive 
selection on mtDNA and 3) interpret the phylogeographic history of the two species.  
This study demonstrates that simultaneously considering demographic history of 
organisms and traces of selection provides a deeper insight to the evolutionary history of 
genes. 
 
Materials and Methods 
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Sequence data collection and analyses 
I used ND2 sequence data (1041 bp) for 16 F. parva and 75 F. albicilla from Zink et al.’s 
(2008) study (all samples were referred to as F. parva in that study; NCBI accession 
numbers EU326696 to 326786) and one F. parva from Sweden downloaded from the 
GenBank (NCBI accession number GU358799).  Zink et al. (2008) sequenced ND2 using 
two pairs of primers, L5215/H6313 and L5215/H1064 (Hackett 1996, Sorenson et al 
1999, Drovetski et al. 2004) to attempt to insure the mitochondrial authenticity of the 
data.  I further checked the validity of the ND2 sequences adopting long PCR to amplify 
about half of mtDNA genome (around 8,000 bp; from ND6 to COI) or around 4,000 bp 
(from 16S to COI) to further confirm the validation of the ND2 gene (see Supplementary 
table 2.1 for the detailed information of primers and the protocol for long PCR).  The 
long PCR products were re-amplified using MetL/AsnH (Pereira and Baker 2004a) and 
sequenced using L5215/H1064/L420 (L420, M. Westberg, personal communication, see 
Supplementary table 2.1).  Cytb was amplified and sequenced using the primers, 
L14841/H4a (Kocher et al. 1989; Harshman 1996).  Cytb of one F. parva from Czech 
Republic was downloaded from the GenBank (NCBI accession number AJ299689).  COI 
was amplified using the primers, L6615m/H8232m (modified from Sorenson et al. 1999 
by Hung) with M13 tails (Boutin-Ganache et al. 2001) and sequenced with the M13 tails 
(see Supplementary table 2.1).  I sequenced 15 autosomal and two Z-linked introns 
(Table 2.1; Friesen et al. 1999; Shapiro and Dumbacher 2001; Primmer et al. 2002; 
Backstörm et al. 2006, 2008; Kimball et al. 2009) and one exon (MC1R; Table 2.1) for 
both strands using published primers (MacDougall-Shackleton et al. 2003).  Indels 
(insertions or deletions) were common among the introns, which were useful for 
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reconstructing (phasing) haplotypes of individuals with multiple heterozygous sites.  
Phases of sequences containing indels were sorted manually by subtracting 
chromatogram peaks upstream of the indel in the reverse primer sequences from the 
double peaks downstream of the indel in the forward primer sequences.  This was 
repeated in the alternative direction and allowed the two haplotypes of a heterozygous 
individual to be determined (Sousa-Santos et al. 2005; Dolman and Moritz 2006).  The 
lengths of indels could also be determined by this approach.  Multi-base indels were 
collapsed to single-base polymorphisms for further analyses. 
Haplotypes of individuals with multiple heterozygous sites were resolved using 
PHASE 2.1.1 (Stephens et al. 2001; Stephens and Scheet 2005).  Homozygous genotypes 
and genotypes with single heterozygous site or with indels were set as known alleles to 
improve the performance of PHASE analyses.  The phases of some sites could not be 
estimated confidently at 90% posterior probability.  The phases of these ambiguous sites 
were resolved using Clark’s (1990) parsimony algorithm to minimize the total number of 
haplotypes and singletons in the samples.  
Intra-locus recombination rates were estimated using a Bayesian method (Li and 
Stephens 2003) implemented in PHASE 2.1.1.  The background recombination rate and 
the recombination rates between two polymorphic sites were estimated and portrayed as 
5,000 sampled points from the posterior distribution.  The factors by which the estimated 
recombination rates exceed the background rate were calculated, and the upper and lower 
bounds of 95% credible interval (CI) of these values were recorded.  If one or more 
estimated values were significantly larger than one, it means there has been significant 
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recombination occurring between the corresponding sites.  Otherwise, we assumed that 
there was no intra-locus recombination within the locus. 
I used DnaSP 5 (Librado and Rozas 2009) to compute nucleotide diversity (π; Nei 
1987) of each species and nucleotide distance (D; Nei 1987) between the two species for 
each gene. 
Neutrality tests  
Hudson-Kreitman-Aguade (HKA) tests (Hudson et al. 1987) implemented in the HKA 
program (http://genfaculty.rutgers.edu/hey/software) were used to test the neutrality of 
the mtDNA, introns, and the lone exon.  The HKA test examines whether the association 
between the level of intra-specific polymorphism and inter-specific divergence departs 
from the expectation of an evolutionarily neutral model for two or more genes.  First, the 
HKA test was applied to all 18 nuclear genes (17 introns and one exon), 17 introns, and 
15 introns (excluding two loci each of which had no polymorphism in one species; see 
results).  Second, I applied the HKA test to these nuclear data plus each of the three 
mtDNA regions (i.e., ND2, Cytb, and COI), respectively.  In addition, I applied the above 
tests to (1) all individuals of both species, (2) all individuals of F. albicilla and one F. 
parva (to only test the genes of F. albicilla), and (3) vice versa (to only test the genes of 
F. parva).  The widely used M-K test (McDonald and Kreitman 1991) was not applied to 
this study because of the lack of or very little replacement polymorphism in the mtDNA 
of the two study species.  
Demographic and divergence history  
The program IMa (Hey and Nielsen 2007) was used to estimate the effective population 
sizes of two current populations and their common ancestral population (θ1, θ2, and θa, 
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respectively; θ = 4Neµ), migration rates (m1 and m2; m = m/µ), and divergence times (t = 
tµ) between the two species.  All estimated parameters in IMa are scaled to the 
substitution rate, µ.  A minimum of 2 × 107 steps after a burn-in of 106 steps were 
performed for each analysis.  Plots of trend lines and the effective sample size values 
(ESS > 250) were examined to assess convergence in parameter estimates.  Also, at least 
two independent analyses were performed and compared with each other to assure 
convergence.  The IMa analyses were applied to all available individuals for the 17 
introns (Table 2.1).  To convert the scaled demographic parameters, we calculated the 
geometric mean of the substitution rates of these 17 loci by multiplying the sequence 
lengths by 1.35 × 10-9 substitutions/site/year for autosomal introns (Ellegren 2007), and 
1.6 × 10-9 substitutions/site/year for Z-liked introns (given the mean divergence of Z-
linked introns between chicken and turkey is 1.2 time higher than that of autosomal 
introns; Ellegren 2007).  I assumed the generation times of the two flycatcher species are 
two years because most male birds do not breed until the red patch shows in the throat or 
breast after the second year (Mitrus 2006; 2007).  Additional IMa analyses were 
conducted based on the data sets containing (1) the 17 introns plus one exon and (2) 15 
introns excluding two introns, each of which fixed in one species. 
While IMa can show changes in population size via the comparison of current and 
ancestral effective population sizes, more complex population dynamics over time cannot 
be detected by this program due to its simplified model (Rovito 2010).  Therefore, I 
applied the Extended Bayesian Skyline Plot (EBSP) method (Heled and Drummond 
2008) implemented in BEAST v1.6.1 (Drummond and Rambaut 2007) to estimate 
detailed population size changes through time.  This coalescence-based method uses 
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multi-locus data to recover historical population dynamics without relying on parametric 
models (Heled and Drummond 2008).  The data sets used for EBSP analyses were the 
same as those for IMa analyses.  Unlinked substitution models based on jModelTest 
(Posada 2008) estimates were assigned to each of the genes.  The strict molecular clock 
model was used.  A locus, which evolves fastest or is most divergent, was set as the 
reference locus to calibrate time and population (I used ADAMTS6 [a Z-linked intron] 
with a substitution rate of 1.6 × 10-9 substitutions/site/year and 15743 [showing high π 
values in both species; see Table 2.1] with a substitution rate of 1.35 × 10-9 
substitutions/site/year in two separate analyses, respectively).  The priors for parameters 
were adjusted according to preliminary runs.  Each EBSP analysis included a MCMC 
chain of 500 million steps, sampled per 50,000 steps, and the first 25% of the steps were 
discarded as burn-in.  Trace plots were checked using TRACER v 1.5 (Rambaut and 
Drummond 2007) to assess convergence in MCMC analyses and three independent runs 
were performed to assure convergence in estimates.  If the 95% confidence interval (CI) 
of the estimate of the number of size-change steps exclude zero, I concluded there has 
been a significant population size change occurring (Lim and Sheldon 2011).    
 Test for neutrality of mtDNA using coalescence simulation 
I tested departure from a neutral model in mtDNA using a neutral coalescent simulation 
program, SIMCOAL 2.1.2 (Laval and Excoffier 2004).  The simulations were performed 
using the demographic parameters estimated from IMa and BEAST, i.e., current and 
ancestral effective population sizes, migration rates, divergence times, and scales and 
initial times of population expansion.  The substitution rates of mtDNA, estimated based 
on nuclear-based divergence times and empirical nucleotide difference between the two 
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study species (see results), and the generation time of two years were used for the 
simulations.  The ploidy of genes was taken into account for the simulations, i.e., the 
effective population size of mtDNA (Nef) is 0.5 × Ne of organisms assuming a balance 
sex ratio. 
I simulated 10,000 data sets with the same sequence lengths and sample sizes as 
the empirical data for F. parva and F. albicilla.  The simulated data sets were analyzed 
using Arlequin 3.1 (Schneider et al. 2000) to calculate π for each species.  The π values of 
simulated data were compared with those of the empirical data to test whether the 
mtDNA genetic diversity of the two species departs from neutral expectations. 
Test for positive selection on the mtDNA using likelihood ratio tests of hypotheses  
ND2 sequences from another 15 Ficedula species and Cytb sequences from another 17 F. 
sp. were downloaded from the NCBI GenBank (Supplementary table 2.2).  Because these 
sequences were not all complete, the ND2 sequences were trimmed to 903 bp and the 
Cytb sequences were trimmed to 975 bp to avoid alignment gaps.  The CODEML 
program of the PAML 4.4 package (Yang 1997; Yang 2007) was used to detect positive 
selection in ND2 and Cytb of F. parva and F. albicilla.  Two unrooted phylogenetic trees 
of the genus Ficedula, one with 17 species for ND2 and one with 19 species for Cytb, 
were modified from published studies (Sӕtre et al. 2001; Outlaw and Voelker 2006; 
Sangster et al. 2010) and used to estimate the ratio of nonsynonymous (replacement) to 
synonymous (silent) substitution rates (ω = dN/dS) along the branches.  The CODEML 
test assumes positive selection occur only when ω > 1.  Two branch-models were tested 
for the ND2 and Cytb data.  The null (one-ratio) model assumes all breaches have the 
same ω.  The two-ratio model was used to estimate one ω (ωa) for the branches leading to 
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F. parva and albicilla (I also specified ωa for the branch leading only to F. parva or F. 
albicilla in two additional analyses) and another ω (ωb) for the branches of all other 
Ficedula species.  In addition, two site-models allowing ω vary among codons were used 
to detect particular sites under positive selection.  The null M1a (nearly neutral) model 
assumes codons have either ω0 or ω1, as 0 < ω0 < 1 and ω1= 1; while the M2a (positive 
selection) model assumes there are the third type of codons with ω2 > 1.  Finally, I used 
branch-site models which allow ω to vary among both branches and codons.  The branch-
site model A (we assigned it as BS-A in this study), combining the two-ratio and M2a 
models, are tested against a null model with ω2 fixed at 1.  Likelihood Ratio Tests (LRT) 
were used to test the three pairs of null and alternative models (i.e., one-ratio vs. two-
ratio, M1a vs. M2a, and null vs. BS-A; see Yang et al. 2000).  In addition, a sub-tree, 
only including the clade of F. parva and F. albicilla and its sister clade (totally four 
species for ND2 and six species for Cytb; Supplementary table 2.2), was used to conduct 
the same model tests to compare with the results for the larger phylogeny, which may 
bring noise to the tests tending to focus on the two study species.  
Modeling protein structure and locating amino acid replacement 
The transmembrane (TM) and surface (SF) segments of membrane proteins can be under 
different selective pressure due to the structural and functional context (Wise et al. 1998; 
Tourasse and Li 2000).  If natural selection affects evolution rate of mtDNA, replacement 
substitutions may tend to unequally distribute between TM and SF segments compared 
with silent substitutions.   
The crystallized chicken Cytb protein (3170C.pdb) and bovine heart COI protein 
(2occA.pdb) were used as templates to model three-dimensional structures for the two 
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proteins in F. parva and F. albicilla using the SWISS-MODEL online server (Schwede et 
al. 2003; Arnold et al. 2006; the online server at http://swissmodel.expasy.org/).  I was 
unable to model the protein structure for ND2 of the study species because no proper 
crystallized structure was available as a template.  The generated protein structures and 
the locations of amino acid replacement were visualized using the program Swiss-
PdbViewer v4.02 (Guex & Peithsch 1997).  The TM and SF segments in Cytb and COI 
proteins of these two flycatchers were predicted using MEMSAT (Jones et al. 1994) 
through the SWISS-MODEL server.  The TM and SF segments in ND2 of the flycatchers 
were predicted using the program HMMTOP v2 (Tusnády and Simon 2001; the online 
server at http://www.enzim.hu/hmmtop/index.html) given the lack of a template for 
running analyses in the SWISS-MODEL server.  I also used HMMTOP to predict the TM 
and SF segments for the Cytb protein to compare the predictions from the two programs, 
MEMSAT and HMMTOP. 
 I tested whether the fixed replacement and silent substitutions between F. parva 
and F. albicilla tend to occur in either TM or SF segments of the mitochondrial proteins.  
I separated the substitutions between the two species into four categories, replacement 
TM, replacement SF, silent TM, and silent SF substitutions, to conduct Fisher’s exact 
tests.  This approach was similar to that of Wise et al. (1998) but overcame the problem 
of zero replacement and/or silent polymorphism in the mtDNA of the study species.  This 
test took into account the difference in numbers of codons and constraint on nucleotide 
substitution between TM and SF segments.  I applied this test to the ND2 and Cytb (the 
Cytb data lacked the first 39 codons) but not COI because I found only one fixed 
replacement substitution between the COI of the two species. 
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Results 
Genetic diversity of mtDNA and nuclear DNA (ncDNA) 
Cytb sequences (1026 bp) were obtained for 16 F. parva (including one sample from 
Czech Republic downloaded from the GenBank) and 25 F. albicilla (NCBI accession 
numbers: pending manuscript acceptance); COI sequences (1551 bp) were obtained for 
16 F. parva and 26 F. albicilla (NCBI accession numbers: pending manuscript 
acceptance; Table 2.1; see Supplementary table 2.3 for the geographic localities of the 
sequenced samples).  The Cytb sequences of one F. parva from Czech Republic and ND2 
sequences of one F. parva from Sweden shared the same haplotypes with our own 
samples.  MC1R sequences were obtained for 14 allele copies (two allele copies in one 
individual) in F. parva and 22 allele copies in F. albicilla (NCBI accession numbers: 
pending manuscript acceptance; Table 2.1; Supplementary table 2.3).  Seventeen intron 
sequences were obtained for 13 to 24 allele copies for each species (mean = 18.5 for F. 
parva and 22.2 for F. ablicilla; NCBI accession numbers: pending manuscript 
acceptance; Table 2.1; Supplementary table 2.3).  Most introns (15/17) contained one to 
six indels, which ranged from one to 61 bp (Table 2.1).  There was no intra-locus 
recombination detected in these introns and exon.   
There were three Cytb haplotypes in F. albicilla, but two of them differed only by 
one bp from the common haplotype and were possessed by single individuals.  There was 
one singleton, other than the dominant one, in the COI sequences of F. albicilla.  Pi (π) 
was consistently lower for F. albicilla (0.00007 ± 0.00005 [SE]) than for F. parva 
(0.00141 ± 0.00029) in all three mtDNA regions, although π for F. albicilla was not zero 
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for Cytb and COI as was for ND2 (Table 2.1; Fig. 2.2).  In contrast, π for the nuclear loci 
were not significantly different between the two species (0.00536 ± 0.00116 for F. 
albicilla. and 0.00546 ± 0.00086 for F. parva at introns, p = 0.936, paired Student’s t-
test; 0.00164 for F. albicilla. and 0.0027 for F. parva at MC1R; Fig. 2.2).  Two introns 
had no genetic variation among the samples of one species (i.e., 00132 in F. albicilla and 
ABCA1 in F. parva; Table 2.1).  No intra-locus recombination was detected in the 18 
nuclear loci. 
Neutrality tests  
For the datasets containing all individuals of both species, the HKA tests could not reject 
the neutral model for the 17 introns plus one exon, the 17 introns, and the 15 introns 
excluding 00132 and ABCA1 (p = 0.28, 0.21, and 0.42).  However, the HKA tests always 
rejected the neutral model for the datasets in which any of the ND2, Cytb, and COI data 
were added (p = 0.002 – 0.038).  The same conditions applied to the datasets containing 
all F. albicilla and one F. parva, but not to those containing all F. parva and one F. 
albicilla, in which adding mtDNA did not change the insignificant results.  These results 
suggested that mtDNA variation of F. albicilla but not F. parva departed from the neutral 
expectation. 
Demographic and divergence history 
The IMa analyses based on the 17 introns suggested similar effective population sizes for 
F. parva (654,876, 95% CI = 524,777 – 837,710) and F. albicilla (754,922, 95% CI = 
610,042 – 952,169; Table 2.2).  The effective population size of their common ancestor 
(663,658, 95% CI = 389,416 – 1,259,636) was similar to those of the two species, 
although its CI was larger than those of the two species.  The divergence time between 
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these two species was 3,112,058 (95% CI = 2,492,660 – 4,169,719) years ago.  There 
was no gene flow between the two species since divergence (Table 2.2).  The analyses 
based on the 17 introns plus one exon or the 15 introns suggested similar histories as 
those based on the 17 introns (Table 2.2). 
 The EBSP analyses showed that F. albicilla has experienced recent population 
expansion whereas F. parva has had a stable effective population size (Fig. 2.3; the 95% 
CIs of the estimated number of size-change steps were 1 - 2 for the former and 0 - 1 for 
the latter).  These results seemed to conflict with the IMa estimates, which showed that 
both species have similar effective population sizes relative to their common ancestor 
(Table 2.2).  EBSP is thought by some to provide a better picture of complex 
demographic scenarios than IMa (Rovito 2010).  However, the absolute population sizes 
and initial times of population expansion estimated by EBSP depended on the choice of a 
reference locus and its substitution rate.  For example, the current effective population 
sizes of F. albicilla were 23,500 (Fig. 2.3) and 867,000 when ADAMTS6 and 15743 
were used as the reference loci, respectively.  The initial time of F. albicilla population 
increase was around 12,000 (Fig. 2.3) and 390,000 years ago when ADAMTS6 and 
15743 were the reference loc, respectively.  Nevertheless, the scale of population increase 
(~ 6 times larger) and the ratio of current population size to initial time of population 
expansion (~ 2) were consistent across different reference loci.  I considered the absolute 
estimates of current population sizes from IMa to be more reliable given it was based on 
the geometrical mean of the substitution rates of all the loci.  Thus, I combined the IMa 
and EBSP estimates to obtain a better picture of demographic history for these two 
species (scaled for mtDNA in Fig. 2.4a, which was based on the 15 introns excluding 
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00132 and ABCA1).  The result based on the 17 introns was that the two species 
diverged from each other around 3.1 million years ago when the ancestral population size 
was around 650,000, F. parva has remained at a similar and constant population size 
since then, and F. albicilla has experienced recent population increase (~ 6 times larger) 
around 390,000 years ago to the current population size of 750,000.  I assumed a 
bottleneck in F. albicilla when it split from F. parva (Fig. 2.4a) and this was more 
conservative for testing against a neutral pattern (using coalescence simulation) than 
assuming no bottleneck.  In other words, if the null hypothesis (a neutral pattern) is 
rejected, we can conclude that there was factor(s) other than a bottleneck driving the 
observed low mtDNA polymorphism of F. albicilla.  I acknowledge that there was 
uncertainty in the estimates of divergence times and population sizes.  Therefore, I also 
used values 2.5 times smaller and larger than the above estimates (over the range of 95% 
highest posterior density [HPD] of EBSP estimates, Fig. 2.3) to conduct additional 
simulations, and the conclusions did not change.  Hence, only the results of the first 
setting were reported.  
Test for neutral pattern of mtDNA using coalescence simulation 
The demographic scenario based on the IMa and EBSP analyses was used to simulate a 
neutral pattern of mtDNA nucleotide diversity (Fig. 2.4a).  The IMa inferences based on 
the 15 introns, instead of all the17 introns, were used considering the potentially non-
neutral pattern of the two introns, 00132 and ABCA1 (although the IMa results of the two 
data sets were similar).  Because the nucleotide difference between the two species were 
0.06854, 0.06069, and 0.05027 in ND2, Cytb, and COI (Table 2.1) and the divergence 
time was about 3.327 million years (based on the 15 introns; Table 2.2), I calculated the 
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substitution rates for the three mtDNA regions as 0.0103, 0.0091, and 0.0076 per site per 
million years, respectively. 
The comparison of the simulated and empirical data rejected a neutral pattern for 
the mtDNA of both F. parva and F. albicilla.  The π values of both species in ND2 were 
out of the range of π values for the simulated neutral data, which took into account the 
population size change (Fig 4b).  The same conclusion was applied to the Cytb and COI 
data of the two species (data not shown). 
Test for positive selection in the mtDNA using likelihood ratio tests of hypotheses 
For the branch-model test in ND2, the log-likelihood value (ӕ0) under the one-ratio 
model was -5126.5 with ω = 0.047 and the log-likelihood value (ӕ1) under the two-ratio 
model was -5126.46 with ωa = 0.042 and ωb = 0.047.  The LRT could not reject the one-
ratio model; 2∆ӕ = 2 (ӕ1 - ӕ0) = 0.08 with the χ2 distribution (df = 1) has p = 0.78 
(Table 2.3).  Two additional tests, which assigned ωa to the branch leading only to F. 
parva or F. albicilla, showed similar results (p = 0.56 and 0.62).  The tests based on cytb 
showed similar results (p = 0.25, Table 2.3; p = 0.84 and 0.15 for the two additional tests 
assigning ωa to the branch leading only to F. parva or F. albicilla). 
For site-model test in ND2, the ӕ0 under the M1a model was -5054.7 suggesting 
94.8% of sites with ω0 = 0.027 and 5.2% of sites with ω1 = 1.  The ӕ1 under the M2a 
model was the same as ӕ0 and suggested 0% of sites with ω2 > 1 (Table 2.3).  Given 
2∆ӕ = 0 (p = 1), there was no evidence for positive selection on the ND2 data.  The test 
based on Cytb showed the same result (Table 2.3).  The branch-site models returned 
almost the same results as the site model tests for both ND2 and Cytb (Table 2.3). 
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The results based on a sub-tree with reduced species numbers suggested the same 
conclusion of no evidence for positive selection in the ND2 and Cytb data, although they 
tended to return slightly lower p-values than those based on the whole trees (Table 2.3).   
Amino acid replacements in TM and SF segments 
Replacement substitutions tended to occur in the TM regions (12 TM : 1 SF) of the ND2 
protein more than silent ones (30 TM : 24 SF; Pone-tail = 0.012, Fisher’s exact test; Table 
2.4).  I also found more TM replacement substitutions (n = 8) in the Cytb protein (one SF 
replacement substitution; Fig. 2.5; Table 2.4), although the ratio of TM and SF was not 
significantly different between the replacement and silent substitutions (Pone-tail = 0.083, 
Fisher’s exact test; Table 2.4).  The TM predictions of the Cytb protein made by 
MEMSAT and HMMTOP were very similar, and the results of Fisher’s exact test based 
on the two predictions were the same.  Thus, I consider the TM prediction of ND2 based 
on HMMTOP to be reliable.  
 
Discussion  
This study shows that although F. albicilla experienced a recent population expansion 
perhaps following a historical population bottleneck, this demographic history cannot 
fully explain the extremely low genetic diversity in its mtDNA.  In fact, the 
polymorphism of mtDNA in both F. albicilla and F. parva departs from the neutral 
expectation based on coalescence simulation.  These results imply that their mtDNA 
genomes are subject to positive selection or linked to other genes under positive selection 
(selective sweeps; Maynard-Smith and Haigh, 1974).  I address the striking mtDNA 
pattern of these two flycatchers from different perspectives.  
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Contrasting genetic diversity between mtDNA and ncDNA 
The polymorphism of mtDNA in F. albicilla was consistently smaller than that of F. 
parva across the three regions, ND2, Cytb and COI.  Therefore, it is highly unlikely that 
the lack of polymorphism in ND2 of F. albicilla is an artifact of sequencing a pseudogene 
because nuclear copies should not occur in all three regions that together span half of the 
avian mtDNA genome (Pereira and Baker 2004b).  Furthermore, I observed that (1) the 
PCR for ND2 based on four different pairs of primers (including one pair for amplifying 
half of the mtDNA genome and another for about 4,000 bp) returned the same results, (2) 
there were no indels or extra stop codons found, (3) correct sister relationship between 
the two species and between their clade and the other clade were obtained based on the 
ND2 data (results not shown), and (4) the estimated substitution rate of ND2 (0.0103 per 
site per million years) was close to those of other avian species (Arbogast et al. 2006, 
Lovette 2004, Wier and Schluter 2008), supporting the validation of the ND2 data 
(Calvignac et al. 2011).  
The polymorphism of ncDNA and the estimated Ne using IMa based on multiple 
ncDNA were not significantly different between F. albicilla and F. parva.  Therefore, 
differences in current Ne cannot explain the low level of polymorphism in F. albicilla.  
However, the EBSP revealed a recent population expansion in F. albicilla but not F. 
parva.  Thus, historical population changes need to be taken into account when assessing 
the effect of demographic factors in the mtDNA patterns of the two flycatchers. 
Another conspicuous pattern found is that the polymorphism of mtDNA was 
smaller than ncDNA in both species (Fig. 2.2; Table 2.1), whereas the divergence 
between the two species was larger in mtDNA (0.05983 ± 0.00529 [SE]) than ncDNA 
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(0.01307 ± 0.00119 for introns and 0.00581 for MC1R; Table 2.1).  Given that the Ne of 
mtDNA is one-fourth that of ncDNA and the substitution rate of mtDNA is larger than 
that of ncDNA (Arbogast et al. 2006; Ellegren 2007; Wier and Schluter 2008), the 
contrasting intra- and inter-specific patterns between mtDNA and ncDNA of the two 
flycatchers could be merely one realization of the stochastic (neutral) coalescence 
processes.  Thus, the following coalescence-based analyses are applied to examine these 
striking patterns.   
Departure from the neutral pattern at mtDNA of the two flycatchers   
I used neutral coalescence simulation which assumes a historical population bottleneck 
and a recent population expansion in F. albicilla but not F. parva to test (1) whether the 
different demographic histories can explain the different mtDNA diversity between the 
two flycatchers and (2) whether the stochastic coalescence processes and difference in Ne 
and substation rates can explain the contrasting pattern between their mtDNA and 
ncDNA.  The simulation results predicted only slightly lower polymorphism in F. 
albicilla than in F. parva (Fig. 2.4b).  Thus, different demographic histories cannot fully 
explain the extremely low mtDNA polymorphism in F. albicilla, which departs from the 
neutral expectation based on the simulation (Fig. 2.4b).  Surprisingly, the observed 
mtDNA polymorphism of F. parva is also significantly lower than the neutral expectation 
(Fig. 2.4b).  In fact, the mtDNA polymorphism of F. parva (πS [silent nucleotide 
polymorphism] = 0.0047 ± 0.0006 [SE], πN [replacement nucleotide polymorphism] = 
0.0003 ± 0.0002) is lower than other avian species (πS = 0.02 – 0.06, πN = 0.0015 - 0.005 
for 72 avian species, see Hughes and Hughes 2007).  Of course, the mtDNA 
polymorphism of F. albicilla is even much lower than other avian species.  It also 
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suggests that the mtDNA variation patterns of the two flycatchers might be atypical in 
birds and should not be used as a general condemnation of the application of mtDNA in 
phylogeography. 
The HKA tests suggested a departure from neutral expectation for the mtDNA of 
F. albicilla, but less likely for F. parva.  In other words, selection-related forces are likely 
responsible for the low polymorphism of the mtDNA of the two species, particularly F. 
albicilla. 
Test for positive selection targeting on mtDNA of the two species 
The CODEML tests suggest no evidence for positive selection in either ND2 or Cytb of 
these two species.  The CODEML test assumes positive selection occurs only when 
dN/dS > 1, i.e., repeated replacement substitutions in a single codon or numerous 
replacement substitutions accumulate in a particular lineage (Yang and Bielawski 2000).  
However, it has been shown that one or a few replacement substitutions can result in 
adaptive phenotypic changes (e.g., Hoekstra et al. 2006).  If true, this test as well as other 
similar statistic methods for detecting positive selection can be fatally biased (Yang and 
Bielawski 2000; Hughes 2007).  Therefore, the insignificant results cannot rule out the 
possibility that positive selection targeting on the mtDNA of these two flycatchers.   
The distribution of amino acid replacements in TM and SF segments 
The TM segments accumulate more replacement substitutions than the SF segments 
when comparing the mtDNA, especially ND2, of the two flycatchers, which is different 
from some studies.  To explore the unique pattern found between the two study species, I 
applied the same test to the ND2 sequences of 28 F. hyperythra versus two F. 
westermanni.  The results showed that there was not significantly more replacement 
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substitutions in the TM than in SF segments (Pone-tail= 0.209, Fisher’s exact test; data not 
shown).  Kerr (2011) found replacement substitutions equally distributed between helix 
(primarily TM) and loop (primarily SF) sites based on COI data from 43 avian species 
across 12 orders.  Kerr (2011) also suggested that there is no evidence for a selective 
sweep in the avian COI.  Tourasse and Li (2000) reported that the TM segments 
accumulate fewer replacement substitutions than the SF segments of proteins in 
mammals across six orders.  They suggested that negative selection limits substitutions in 
TM segments, which therefore are subject to more stringent structural constraint.  The 
contrasting patterns between this and other studies imply that the ND2 protein of either F. 
parva or F. albicilla or both can be under positive selection, or at least depart from 
neutral expectation.  In addition, I found that six of the eight replacement amino acid 
residues in the Cytb TM form three pairs, in which the residues were physically close to 
each other (the distances between residue α carbon were 5.9 to 6.2 Å; Fig. 2.5).  The 
clusters of replacement substitutions could reflect the influence of positive selection 
(Castoe et al. 2008).  However, a strong inference of positive selection on the mtDNA of 
F. albicilla and F. parva cannot be drawn in this study and require further studies on 
phenotypic changes linked to the replacement substitutions (Ballard and Melvin 2010) or 
functional test for mitochondrial-nuclear co-adaptation (Tieleman et al. 2009).  
Alternative explanations for low mtDNA variation 
Even if the examined regions of mtDNA (i.e., ND2, Cytb and COI) are not directly 
subject to positive selection, (1) linkage to other selected regions or genes or (2) 
mitochondrial-nuclear co-adaptation can also lead to low genetic variation in these 
mtDNA regions.  If a favorable allele becomes fixed in any region of mtDNA, the lack of 
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recombination in mtDNA can lead to fixation of neutral or mildly deleterious alleles in 
other regions (Oliveira et al. 2007).  In addition, because mtDNA and W chromosome are 
both maternally transmitted (i.e., have the same segregation process and thus are linked) 
in birds, the genetic polymorphism of mtDNA could be reduced if genes on the W 
chromosome are under strong positive selection (Berlin et al. 2007).  Furthermore, 
because of the co-adaptation between nuclear and mitochondrial genes, which encode 
cooperated peptides for cellular energy production, the variation of mtDNA could be 
influenced by selective enforces targeted on mitochondrion-associated ncDNA (Gershnoi 
et al. 2009).  If the low mtDNA variation of the two flycatchers is caused by indirect 
selective forces through hitchhiking (Maynard-Smith and Haigh 1974) or co-evolution, 
we cannot find the sites under selection by only examining these three mtDNA regions.  
However, even though scanning a whole genome is possible now, testing positive 
selection for every candidate gene in detail is still a formidable job. 
Confounding effect of demographic history and selective force in genetic signature 
The nuclear-based demographic history was incorporated into coalescence simulation to 
test if the mtDNA of the flycatchers departs from the neutral expectation in this study.  I 
acknowledge that the estimated history can be over-simplified and a more complex and 
dynamic history (e.g., repeated bottleneck and expansion) can probably change the 
conclusion to neutral mtDNA in the study species.  However, such uncertain situations 
should only apply to the mtDNA of F. parva but not F. albicilla because the genetic 
polymorphism of the former is smaller than an average of other birds by a factor of 10, 
whereas for the latter is a factor of 100 or more. 
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I suggest that neither positive selection nor population bottleneck alone result in 
the strikingly low variation of F. albicilla mtDNA.  It is more likely that demographic 
and selective forces act in concert to contribute to the pattern that one, and only one, ND2 
haplotype is shared by 75 individuals sampled from a range spanning over 4,500 
kilometers (Zink et al. 2008).  During a population bottleneck, genetic drift reduces 
genetic variation and increases the frequencies of initial rare (neutral or advantageous) 
alleles; during the following population expansion, positive selection or genetic draft can 
dramatically increase the fixation rate of advantageous mutations or their linked 
mutations (Gillespie 2001; Meiklejohn et al. 2007).  Thus, if population bottleneck and 
expansion occur repeatedly in the history of F. albicilla and its mtDNA are subject to 
positive selection either directly or indirectly, we can expect the fixation of an allele even 
in a currently large population. 
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Table 2.1.  Characteristics of the 19 genes (the three mtDNA regions belong to the same 
gene) in this study.  Chr indicates the chromosome where the gene is located.  L indicates 
the length of the gene used in the analyses.  NFIPA and NFIAL show the sample size (in 
numbers of alleles) of Ficedula parva and F. albicilla, respectively in each gene.  π 
indicates the nucleotide diversity of each species.  Dxy indicates the nucleotide 
divergence between the two species.  Indel length shows the length of individual indel in 
the corresponding gene.   
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Gene Chr L NFIPA NFIAL πFIPA πFIAL Dxy Indel length 
ND2 Mta 1041 17 75 0.00138 0 0.06854  
Cytb Mta 1026 16 25 0.00193 0.00016 0.06069  
COI Mta 1551 16 26 0.00092 0.00005 0.05027  
    Mean 0.00141 0.00007 0.05983  
00132 26 324 20 24 0.00332 0 0.00549 6  
06635 6 540 20 24 0.00541 0.00749 0.01767 2, 4, 5 
08352 5 348 20 24 0.00166 0.00378 0.01468 1 
09385 20 283 20 22 0.00802 0.01859 0.01397 1, 1, 4, 7, 7, 7 
11074 20 376 18 22 0.00688 0.00656 0.01013 15 
12021 24 633 20 24 0.00125 0.00026 0.00891 1 
13380 7 686 20 24 0.00814 0.00159 0.01882 1, 1, 1 
14765 3 817 20 24 0.00462 0.00565 0.01245 1, 1 
15743 1 530 16 24 0.01372 0.00931 0.02686 1, 10, 10 
17483 4 491 20 24 0.00412 0.00750 0.01211 1, 5 
ACL 27 372 16 24 0.00690 0.00657 0.01384 1 
AK 17 707 18 24 0.00960 0.00602 0.01231 2, 61, 61, 61 
MPP 4 216 18 22 0.00732 0.00459 0.00657 1 
RHO 12 779 16 22 0.00090 0.00023 0.01214 1 
TGFB2-I5 3 518 18 24 0.00703 0.00032 0.01099  
ABCA1 Z 281 17 13 0 0.01058 0.01122  
ADAMTS6 Z 529 17 13 0.00390 0.00210 0.01408 1, 1 
    Mean 0.00546 0.00536 0.01307  
MC1R 11 590 14 22 0.0027 0.00164 0.00581  
a
 mitochondrial DNA 
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Table 2.2.  Coalescence analyses using IMa.  Current effective population sizes of 
Ficedula albicilla, F. parva, and their common ancestor are denoted by Ne(FIAL), Ne(FIPA) 
and Ne(anc), respectively.  m1 indicates the number of individual per generation migrating 
from F. parva to F. albicilla and m2 indicates the migration in the other direction.  t 
indicates the divergence time between F. parva and F. albicilla in the unit of years.  
These analyses are based on 15 introns, 17 introns, and 17 introns plus one exon, 
respectively.  HiSmth indicates the value of the highest posterior probability after been 
smoothed using surrounding points.  95Lo indicates the value to which 2.5 % of the total 
distribution lies to the left.  95Hi indicates the value to which 2.5 % of the total 
distribution lies to the right. 
 
  Ne(FIAL) Ne(FIPA) Ne(anc) m1 m2 t 
15 introns HiSmth 
95Lo 
95Hi 
820,666 
662,270 
1,039,143 
742,987 
594,115 
954,096 
749,649 
451,984 
1,467,906 
0 
0 
0.0399 
0 
0 
0.0372 
3,327,422 
2,645,477 
4,432,643 
17 introns HiSmth 
95Lo 
95Hi 
754,922 
610,042 
952,169 
654,876 
524,777 
837,710 
663,658 
389,416 
1,259,636 
0 
0 
0.0354 
0 
0 
0.0330 
3,112,058 
2,492,660 
4,169,719 
17 introns 
+ 1 exon 
HiSmth 
95Lo 
95Hi 
758,884 
616,531 
951,031 
660,159 
531,170 
841,109 
653,003 
375,327 
1,215,532 
0 
0 
0.0334 
0 
0 
0.0306 
3,229,241 
2,569,250 
4,232,697 
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Table 2.3.  Likelihood ratio statistics of model test for positive selection in ND2 and 
Cytb using CODEML program in PAML 4.4.  Branch model test is conducted by 
comparing one-ratio and two-ratio models.  Site model test is conducted by comparing 
M1a (nearly neutral model) and M2a (positive selection model).  Branch-site model is 
conducted by comparing BS-A (combined two-ratio and M2a model) and the 
corresponding null model.  2∆ӕ indicates twice the log likelihood difference between the 
two compared models.  df indicates the degree of freedom and p indicate the p value from 
χ1
2
.  The numbers in the parentheses were results based on a sub-tree with four species 
for ND2 or six species for Cytb. 
 
 Comparison of Models 2∆ӕ df p 
ND2 One-ratio vs. Two-ratio 0.08 (0.52) 1 0.78 (0.65) 
 M1a vs. M2a 0 (0) 1 1.00 (1.00) 
 null vs. BS-A 0 (0.13) 1 1.00 (0.72) 
Cytb One-ratio vs. Two-ratio 1.34 (1.72) 1 0.25 (0.19) 
 M1a vs. M2a 0 (4.38) 1 1.00 (0.11) 
 null vs. BS-A 0 (0) 1 1.00 (1.00) 
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Table 2.4.  Numbers of fixed replacement and silent substitutions between Ficedula 
parva and F. albicilla at the transmembrane and surface segments of ND2 and Cytb 
regions.  FET probability indicates the probability of Fisher’s exact one-tail test.  
 
 ND2  cytb 
Fixed substitution Transmembrane Surface  Transmembrane Surface 
Replacement 12 1  8 1 
Silent 30 24  30 21 
FET probability: 0.012  0.083 
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Figure 2.1.  Breeding ranges of Ficedula parva (dark gray patch) and F. albicilla (light 
gray patch) and distribution of mtDNA ND2 haplotypes.  Colors (or patterns) of circle 
indicate haplotypes.  Sizes of circle proportion to numbers of individuals sampled in the 
location.  ARH indicates Arhangay, BUR indicates Buryatiya, DOR indicates Dornod, 
IRK indicates Irkutskaya, KAM indicates Kamchatka, KHA indicates Khabarov, KRD 
indicates Krasnodar, MAG indicates Magadan, MAR indicates Markovo, MED, 
Medvedevo, MOS indicates Moscow, OMN indicates Omnogovi, ROS indicates Rostov, 
SWE indicates Sweden, TYV indicates Tyva, TÖV indicates Töv, YAK indicates 
Yakutiya and YEK indicates Yekaterinburg. 
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Figure 2.2.  Nucleotide diversity (π) of three mtDNA regions, 17 introns, and one exon 
of Ficedula parva (gray bars) and F. albicilla (white bars).  Shown are means and 
standard errors for mtDNA and introns. 
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Figure 2.3.  Extended Bayesian Skyline Plots of population sizes of the two study 
species.  Black dashed lines indicate median values.  Grey lines indicate 95% highest 
posterior density (HPD).  ADAMTS6 is set as the reference locus to calibrate time and 
population in this figure. 
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Figure 2.4.  (a) Outline of the demographic model based on IMa and EBSP estimates 
(based on the 15 introns exclduing 00132 and ABCA1) used to simulate neutral mtDNA 
seqeuces of the two study species.  Na, NFIPA, NFIAL, and NFIALa indicate effecive 
population sizes of mtDNA for the common ancestor of the two study speceis, Ficedual 
parva, F. albicilla, and the latter before recent population expansion, respectively.  t1 and 
t2 indicate time of divergnce between the two species and population expanion of F. 
albicilla in units of generations from present, respectively.  (b) Distributions of 
nucleotide diversity (π) values for 10,000 neutrally simulated ND2 data sets for each of F. 
parva (grey bars) and F. albicilla (white bars).  The grey triangle represents the empirical 
π value of ND2 in F. parva and the white one for F. albicilla. 
NFIPA= 370,000 NFIAL= 410,000
Na= 370,000
t1= 1,664,000
NFIALa= 70,000 t2= 210,000
(a)
(b)
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Figure 2.5.  Three-dimensional (3D) representation of fixed amino acid replacements 
between Ficedual parva and F. albicilla in the Cytb protein.  The location of replacement 
amino acid residue is emphasized using black 3D structure of atoms and the codon order 
number (One replacement codon, the 241st codon, cannot be seen in this side).  Dark grey 
color indicates transmembrane segments and white color for surface segments.  N and C 
indicate N- and C-terminus of the Cytb protein.  Three pairs of replacement amino acid 
residues in the transmembrane (i.e., the 43rd and 47th, the 189th and 193rd, and the 324th 
and 328th) were physically close to each other (the distances between residue α carbon 
were 5.9 to 6.2 Å). 
 
 
 
N
C
328
324
341
193
189
151
43
47
 72
Chapter 3 
 
 
Recent allopatric divergence and niche evolution in a widespread Palearctic bird, 
the common rosefinch (Carpodacus erythrinus) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hung, C.-M., S. V. Drovetski, and R. M. Zink. (submitted to Molecular Phylogenetics 
and Evolution) 
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Phylogeographic analysis of the widespread common rosefinch (Carpodacus erythrinus) 
revealed three recently diverged groups, corresponding to the Caucasus, central-western 
Eurasia, and northeastern Eurasia.  The mtDNA gene tree showed that a majority of 
haplotypes from the Caucasus were related, whereas the other two groups were not 
distinguished.  By contrast, UPGMA clustering of mtDNA ΦST-values among 
populations recovered the three groups.  A sex-linked gene tree recovered no 
phylogeographic signal, which we attribute to recent divergence and insufficient time for 
sorting of alleles.  Coalescence methods corroborated the existence of three groups of 
populations, revealing a lack of gene flow, and population expansion in the two northern 
groups, the central-western and northeastern Eurasia.  These three groups correspond to 
named subspecies, further supporting their validity.  A species distribution model 
revealed potential allopatric Last Glacial Maximum refugia.  These three groups, which 
appear to be at the early stage of speciation, provide a good opportunity for testing 
ecological speciation.  Ecological niche tests showed that ecological divergence has not 
been prevalent in the early stages of speciation of these three taxa.  
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Introduction 
Quaternary climatic fluctuations repeatedly shifted the distributions of species, 
presumably resulting in multiple cycles of retraction into refugia during glaciation and 
subsequent expansion during interglacial periods (Hewitt, 2000; 2004).  These 
fluctuations in range could have had at least three consequences: 1) initiation of 
divergence among populations, 2) continued maintenance of already distinct populations, 
or 3) merging of once-differentiated populations.  Phylogeographic studies can provide a 
description of the current geographic deployment of genetic variation and provide 
inferences about recent evolutionary history (Avise, 2000).  For example, the discovery 
of three phylogroups in an extant species implies the existence of at least three allopatric 
glacial refugia at the Last Glacial Maximum (LGM; 21,000 years ago), assuming that the 
groups evolved during or prior to the last glacial period.  One could construct a species 
distribution model (SDM), often referred to as a niche model (Peterson et al., 1999), to 
determine the sizes and locations of LGM refugia and then relate them to the current 
population structure (Carnaval et al., 2009; Knowles and Alvarado-Serrano, 2010).  One 
could also discover whether these groups have diverged ecologically, providing a 
potential test of the tenets of ecological speciation (Schluter, 2009, McCormack et al., 
2010).  Because ecological divergences could occur after speciation, comparison of those 
that are very recently diverged enhances tests of niche divergence.  Therefore, combining 
phylogeographic analysis with SDMs provides a more in-depth picture of species’ recent 
histories than either source of information can by itself.   
In this study, we evaluate ecological divergence among three recently isolated 
groups of a widespread Palearctic bird, the common rosefinch (Carpodacus erythrinus).  
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The common rosefinch inhabits various types of woodlands and grasslands, spanning 
much of the Palearctic.  During the past century, its range has expanded westward into 
Scandinavia, France, Spain and England (Cramp and Perrins, 1994; Payevsky, 2008), 
although persistent breeding is limited to Scandinavia.  Pavlova et al. (2005) surveyed 
mtDNA variation and postulated the existence of three incompletely isolated groups 
corresponding to the Caucasus (CA), northeastern Eurasia (NEE), and central-western 
Eurasia (CWE, Fig. 3.1).  However, the geographic limits of the groups were unclear and 
maximum likelihood estimates of migration suggested a low level of gene flow among 
these groups.  In this study, we (1) re-examined the conclusion of Pavlova et al. (2005) 
using robust coalescence methods and adding a Z-linked gene, (2) used a SDM to 
reconstruct the current and LGM distributions of the common rosefinch, to search for 
sites of potential refugia, and to assess the relative sizes of populations at each time, and 
(3) tested for ecological divergence between these groups to determine if niche 
differentiation has accompanied the early stages of lineage divergence (Warren et al., 
2008).  
  
Methods and Materials 
Genetic analyses 
We used the ND2 sequence data for 186 common rosefinches from Pavlova et al.’s 
(2005) study (Fig. 3.1, NCBI accession numbers AY703261-AY703446).  In addition, 
one Z-linked intron, ADAMTS6 (Backström et al., 2006), was sequenced for samples 
from 14 localities (11, 7, and 10 individuals from the three mtDNA-defined groups, 
respectively).  Phases of sequences containing indels were sorted manually by subtracting 
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chromatogram peaks upstream of the indel in the reverse primer sequences from the 
double peaks downstream of the indel in the forward primer sequences.  This was 
repeated in the alternative direction and allowed the two alleles of a heterozygous 
individual to be determined (Sousa-Santos et al., 2005; Dolman and Moritz, 2006).  
Alleles present in individuals with multiple heterozygous sites but no indel(s) were 
resolved using PHASE 2.1.1 (Stephens et al., 2001; Stephens and Scheet, 2005). 
 
Detection of population division 
NETWORK 4.5.1.6 (fluxus-engineering.com) was used to generate minimum spanning 
networks (Polzin and Daneschmand, 2003) for mtDNA and ADAMTS6 data to detect 
geographic partitioning of haplotypes and alleles.  In addition, pairwise ΦST-values of 
mtDNA (but not ADMATS6 due to small sample sizes) among populations were 
estimated using DnaSP 5 (Librado and Rozas, 2009).  To determine the overall 
geographic pattern of population structure, we pooled individuals from each locality and 
then clustered the matrix of pairwise ΦST values using the unweighted pair-group method 
using arithmetic averages (UPGMA) implemented in MEGA 4 (Tamura et al., 2007).  
We combined the localities with sample sizes smaller than five with samples in other 
nearby localities to avoid bias in ΦST estimates.  If the combination was not 
geographically reasonable, the small populations were excluded from analyses.  For 
example, the Sakhalin population was not combined with the Kamchatka or Magadan 
population because they are separated from each other by a wide area of sea or a large 
long geographic distance.  
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Estimates of demographic parameters 
A coalescence-based program, IMa (Hey and Nielsen, 2007), was used to estimate the 
effective population sizes of two current and their common ancestral populations (θ1, θ2, 
and θa; θ = 4Neµ), migration rates (m1 and m2; m = m/µ), and divergence times (t = tµ) 
between groups of populations determined from the procedures outlined above.  We did 
not use IMa2 (Hey, 2010) because we cannot specify a tree topology for the three groups.  
A minimum of two independent analyses of > 2×107 steps after a burn-in of 106 steps 
were performed for each pairwise comparison.  Plots of trend lines and the effective 
sample size values (ESS > 250) were examined to assess convergence in parameter 
estimates.  The IMa estimates were based on the mtDNA and AMADTS6 data combined.  
To convert the scaled demographic parameters to absolute values, we calculated the 
geometric mean of the substitution rates of ND2 and ADAMTS6 by multiplying the 
sequence lengths by 4 × 10-8 substitutions/site/year for ND2 (Arbogast et al., 2006) and 
1.62 × 10-9 substitutions/site/year for ADAMTS6 (Ellegren, 2007; given the mean 
divergence of Z-linked introns between chicken and turkey is 1.2 times higher than that 
of autosomal introns, which have an average rate of 1.35 × 10-9 substitutions/site/year) 
and assumed the generation time is two years (Stjenberg 1979).  The substitution rate 
used in this study was higher than widely used rates for avian mtDNA (Lovette, 2004; 
Weir and Schluter, 2008) but more appropriate for recent divergences (Arbogast et al., 
2006; Herman and Searle, 2011). 
 
Group delimitation using simulation and hypothesis testing 
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We tested alternative population models using a coalescent simulation program, 
SIMCOAL 2.1.2 (Laval and Excoffier, 2004) to simulate ND2 sequences.  The 
simulations were performed using the demographic parameters estimated from IMa based 
on mtDNA and ADAMTS6, i.e., current effective population sizes (the effective 
population size of mtDNA, Nef, was assumed as to be half of the Ne of populations), 
migration rates, divergence times, exponential growth rates (calculated from the current 
and ancestral population sizes), a substitution rate of 4 × 10-8 substitutions/site/year, and 
the generation time of two years. 
We simulated 5,000 data sets of 186 ND2 sequences (1041 bp) for each 
hypothesized model (described in results).  The simulated data sets were analyzed using 
Arlequin 3.1 (Schneider et al., 2000) to calculate ΦST values (Excoffier et al., 1992) and 
the distribution and the upper and lower bounds of 95% ranges of these values were 
recorded.  The ΦST values of simulated data were compared with the ΦST of the empirical 
data to evaluate which model was most consistent with the observed data. 
 
Species distribution modeling 
Online databases ORNIS and GBFI together with our own museum data resulted in 196 
breeding localities which we input into MAXENT v 3.2.2. (Phillips et al., 2006) to infer a 
SDM.  Because the species has only recently colonized western Europe, we excluded 
breeding records from France, Spain and England.  We obtained climatic data (19 layers) 
for present and LGM conditions from the Worldclim bioclimatic database (Hijmans et al., 
2005), and we ran MAXENT using 30% of values for training, and constructed a SDM 
 79
from the average of 10 MAXENT runs that we displayed using DIVA-GIS ver. 7.1.7.2 
(Hijmans et al., 2004).   
 
Niche divergence tests 
We used the program ENMTools v1.3 (Warren et al., 2010) to perform niche identity 
tests and background tests for whether taxa (which were defined according to the genetic 
data, i.e., the CA, CWE and NEE groups) exhibit niche divergence or conservatism (or 
neither).  The niche identity test assesses whether the similarity between ecological 
niches of two taxa (measured by the niche similarity index) is significantly different from 
those (a null distribution) generated by comparing pseudoreplicated data sets that are 
drawn at random from pooled empirical occurrence points of the two taxa.  The identity 
test is likely valid only when species tolerate the exact same set of environmental 
conditions and have the same suite of environmental conditions available to them.  
Because this is unlikely for allopatric populations, the background test determines 
whether two taxa are more or less similar than expected based on the differences in the 
environment background where they occur.  This is done by testing the niche similarity 
index between two taxa against a null distribution for the niche similarity indices between 
one taxa and random points from the range of the other taxa, and vice versa (i.e., there are 
actually two null distributions because of the comparisons from two directions; Warren et 
al., 2010).  For the background tests, we divided the large central area of rosefinch 
distribution into eastern (CWEE) and western (CWEW) groups to account for the large 
geographic distance involved. 
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Results 
Population structure  
The mtDNA network revealed that 9 of the 13 haplotypes from the Caucasus (CA) 
formed a clade, which was separated by only a few steps from the remaining haplotypes 
(Fig. 3.2a).  The haplotypes in northeastern Eurasia (NEE) were not separated from those 
in central-western Eurasia (CWE) on the network.  Thus, the mtDNA network reveals 
limited geographic structure.  The allele network for ADAMTS6 did not show any 
geographic structure (Fig. 3.2b).  The UPGMA phenogram based on the matrix of 
mtDNA pairwise ΦST values showed that the rosefinch populations were clustered into 
three distinct groups corresponding to CA, NEE, and CWE groups (Fig. 3.3), which is 
consistent with Pavlova et al.’s (2005) results. 
 Because the results of the gene tree-based methods suggested two possible group 
structures, a three-group model and a two-group model, we applied coalescence-based 
approaches to test which model fits better with the empirical data.  The three-group 
model included the CA, CWE, and NEE.  The two-group model consisted of CWE plus 
NEE (termed ME) and CA.  We estimated the demographic parameters associated with 
the various groupings in the two alternative models and tested them with coalescent 
simulations. 
Analyses of IMa suggested similar evolutionary histories, recent isolation with 
little or no gene flow followed by population expansion (except for CA), for both the 
three-group and two-group models.  The IMa analyses based on mtDNA and mtDNA 
plus ADAMTS6 suggested similar histories.  We only reported the results based on the 
latter dataset and used them for simulation.  For the three-group model, IMa revealed that 
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the current population sizes of CWE (7,032,000; 95% credibility interval [CI]= 4,130,000 
to 17,303,000) and NEE (616,000; 95% CI= 334,000 to 1,839,000) are significantly 
larger than those of the ancestral populations (136,000; 95% CI= 58,000 to 240,000), 
whereas the current population size of CA (167,000; 95% CI= 80,000 to 438,000) was 
not significantly larger than that of the ancestral population (Fig. 3.4a and b).  There was 
little if any migration between any pair of groups (Fig. 3.4c to e).  There could be some 
migration from NEE to CWE (2 × 10-6 per generation per individual; 95% CI interval= 
~0 to 1.6×10-5 [we could not reject the possibility of zero gene flow]; Fig. 3.4d).  The 
divergence times between CA and CWE (78,300 years ago; 95% CI= 52,200 to 117,000 
years ago), between CWE and NEE (78,800 years ago; 95% CI= 52,000 to 117,200 years 
ago), and between CA and NEE (76,200 years ago; 95% CI= 42,200 to 141,700 years 
ago) were similar and recent (Fig. 3.4f).  The IMa results for the two-group model 
revealed that the current population size of ME (8,645,000; 95% CI= 5,396,000 to 
18,196,000) was significantly larger than the ancestral population (147,000; 95% CI= 
88,000 to 282,000), but that of CA (144,000; 95% CI= 70,000 to 394,000) was not.  
There was no migration between the two groups and the estimated divergence time 
(66,400 years ago; 95% CI = 45,500 to 96,600 years ago) was similar to that of the three-
group model. 
 Comparison of the simulated and empirical data supported the three-group model 
(Fig. 3.5 and 3.6).  Because of the uncertainty in gene flow from NEE to CWE (Fig. 
3.4d), two three-group models were simulated.  One had no gene flow (Fig. 3.5a), and the 
other had a low level of gene flow (2 × 10-6 per generation per individual) from NEE to 
CWE (Fig. 3.5b).  Given that the dispersal distance of rosefinches is unlikely to span the 
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entire geographic range, the widely distributed ME (in the two-group model) should not 
be panmictic.  Therefore, we simulated ME by connecting two subgroups with a 
substantial level of migration, 100 individuals per generation at present but decreasing 
exponentially backwards in time as the population size decreases (Fig. 3.5c).  This level 
of migration is large enough to prevent population differentiation (Hudson and Coyne, 
2002).  The ratio of Ne for the two subgroups in ME was 12:1 (Fig. 3.5c) similar to that 
for CWE and NEE.  The ΦST value of the three groups in the empirical data was within 
the 95% distribution range of ΦST values of the three-group model regardless of the level 
of gene flow (Fig. 3.6a and b) but out of the 95% range of ΦST values for the two-group 
(Fig. 3.6c).  Therefore, we could reject the two-group but not the three-group model.  The 
similarity between the distributions of ΦST values for the two three-group models, one 
with and one without gene flow, suggested that the level of gene flow from NEE to CWE 
was negligible.  
 
Current and LGM distributions predicted by SDM 
The distribution model developed by MAXENT under current climatic conditions 
predicted the breeding range of common rosefinches including newly colonized areas in 
Scandinavia (Fig. 3.7a).  Although the model predicts occurrence in France, Portugal and 
Spain the species has not yet become established in these areas, but there are sporadic 
records (Cramp and Perrins, 1994).  Therefore, the predicted current distribution of 
common rosefinches in Europe was somewhat wider than the observed distribution but 
consistent with the trend of recent expansion towards the western and northwestern 
Palearctic (Cramp and Perrins, 1994; Payevsky, 2008).  
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 The predicted distribution at the LGM suggested that common rosefinches mainly 
occurred in (1) Kamchatka and Magadan, (2) southern Siberia, Mongolia and northern 
China, and (3) Caucasus (Fig. 3.7b).  However, whether the populations in the putative 
northeastern refugium (i.e., Kamchatka and Magadan) were totally isolated from those in 
the central refugium (i.e., southern Siberia, Mongolia and northern China) is questionable 
because of the relatively short gap between them.  The LGM distribution also included 
southern Europe, central China and southern Japan, where the species does not occur at 
present, and hence no testable predictions can be obtained.  Comparing the present and 
LGM distributions suggests that the Caucasian population has not undergone expansion 
whereas the other populations expanded westwards since the LGM (Fig. 3.7). 
 
Niche divergence 
The niche identity tests (not shown) suggested that the niches of different groups of 
rosefinches were not identical.  For all three comparisons, the niche similarity indices 
(Schoener’s D) of empirical data are significantly smaller than the null distributions 
generated from pooled occurrence points.  However, we found no instances of either 
niche divergence or niche conservatism in the eight background tests, which took into 
account the environment available to each group (Fig. 3.8).   
 
Discussion 
Our re-analyses of the mtDNA data and analyses of the dataset including new nuclear 
gene sequences, support the existence of three groups of populations in the common 
rosefinch, Caucasus, northeastern Eurasia, and central-western Eurasia.  These three 
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groups are not reciprocally monophyletic for either mtDNA or the Z-linked gene tree, 
suggesting that the rosefinches are at an early stage of diversification and likely 
speciation.  Our estimates of gene flow were essentially zero, indicating that the groups 
are evolving independently.  In addition, the SDM implies that these three groups might 
have allopatric LGM refugia.  Further supporting our hypothesis of the distinctness of 
these groups, we note that all three groups correspond to named subspecies, C. e. 
kubanensis, C. e. grebnitskii, and C. e. erythrinus (Cramp and Perrins, 1994; Fig. 3.1).  A 
fourth subspecies, C.e. ferghanensis, represented by our Almaty samples was not 
genetically supported.  Nonetheless, these three groups should be considered when 
forming conservation plans for their respective areas.   
 
Recent history of common rosefinches revealed by phylogeography and SDM 
The application of SDM to evolutionary studies is promising (Carnaval et al., 2009; 
Kozak et al., 2008) although their performance has been under debate (e.g. Araújo et al., 
2009; Beale et al., 2008).  Our SDM predicted the occurrence of common rosefinches in 
western Europe even though our model did not incorporate breeding sites from this 
region.  The fact that the species has recently become common in Scandinavia and has 
bred locally in other European areas (Cramp and Perrins, 1994; Payevsky, 2008), and that 
the remainder of the predicted range conforms to the known distribution, suggests that 
our SDM is relatively robust. 
 In general, it is difficult to determine the geographic locations of LGM refugia, 
irrespective of whether one uses a SDM or makes inferences from the extant 
phylogeographic pattern.  We consider our SDM and genetic results to be reciprocally 
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illuminating.  Our SDM (Fig. 3.7) is a snapshot at the maximum of the last glacial period, 
which lasted for ca. 100,000 years (Lisiecki and Raymo, 2007), and it is not 
straightforward to tell how many refugia might have existed for rosefinches at the LGM.  
Our genetic results were consistent with three historically isolated groups (Fig. 3.3 and 
3.6).  Therefore, we suggest that two refugia existed in the eastern Palearctic at the LGM, 
even though our SDM shows a relatively short gap between them and does not 
unambiguously reveal their locations.  The lack of sorting of mtDNA haplotypes from the 
Palearctic (excluding CA; Fig. 3.3a) coupled with the inference of negligible gene flow 
between NEE and CWE (Fig. 3.5), suggests that these two groups became isolated 
recently.  Haploid, non-recombining mtDNA gene trees require isolation lasting 
approximately Ne generations to reach reciprocal monophyly (Hudson and Coyne 2002).  
Given the large estimates of Ne for the two main Palearctic groups (7,032,000 and 
616,000), considerable time would have to elapse before the mtDNA gene tree would 
become reciprocally monophyletic.  Therefore, our estimate of divergence time for these 
two groups, 78,800 years ago, suggests that there has been insufficient time for the 
mtDNA gene tree to evolve to reciprocal monophyly.  Given the average Ne of Z-linked 
genes is three times larger than mtDNA, we expect that the ADSMTS6 gene tree would 
show less geographic structure than the mtDNA gene tree, which we observed. 
 Our approaches combining coalescence and SDM analyses allowed additional 
insight into rosefinch population history.  Our analyses revealed that CWE and NEE 
experienced population expansion, whereas CA did not (Fig. 3.4).  However, the degree 
of expansion for CWE was 10 times greater than that for NEE, and from the SDM it 
would appear logical given the amount of area into which CWE expanded compared to 
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NEE.  The similarity in range size for the CA group at the present and LGM would lead 
to the prediction of little if any population increase, which was consistent with the genetic 
data.  
 The predicted LGM occurrence of rosefinches in areas south of where they 
presently occur in southern Europe is relevant to past hypotheses about the distribution of 
genetic variation following glacial retreat.  Hewitt (2004) suggested that genetic variation 
decreases in the direction of colonization from a refugium owing to sampling effects, 
termed “leading edge expansion.”  However, if the refugium no longer has suitable 
habitat, as is the case for common rosefinches in southern Europe, this prediction is not 
testable.  Thus, a SDM can modify predictions about post-glacial patterns of genetic 
variation.  In this case, one might look to the southern extent of the current range as being 
the closest to refugial populations, although we lacked data for a strong test of this 
hypothesis. 
 The SDM is consistent with a history of isolation for rosefinches in the Caucasus.  
Compared to CWE and NEE, CA has a relatively smaller effective population size and 
has not experienced population expansion.  These attributes can explain why 
approximately 70% of haplotypes in CA form a clade in the mtDNA tree (Pavlova et al. 
2005) and haplotype network (Fig. 3.2), whereas the other two groups do not.  We 
acknowledge that small sample sizes of the CA group, which were collected from a 
relatively small geographic area, might contribute to the lack of evidence for population 
expansion.  However, we believe such bias, if it exists, is minor because our SDM (Fig. 
3.7) shows a limited LGM as well as current distribution.  We predict that if the isolation 
and current population size continues, the Caucasian population will be the first group to 
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become a new species.  This prediction is supported by the fact that the birds from 
Caucasus, classified as C. e. kubanenesis, are larger and more rosy-red colored than the 
birds from other parts of their range (Beaman and Madge, 1998; Cramp and Perrins, 
1994).  This example illustrates that relatively small and isolated populations on islands, 
continental habitat islands, or mountaintops are potent grounds for lineage diversification.  
 
Niche evolution between the recently diverged common rosefinch groups  
The recent separation of the three rosefinch groups makes them appropriate for testing 
ecological speciation, because the time since isolation is extremely short, and any 
ecological differences would not likely be attributed to post-isolation divergence.  We 
found no evidence for niche divergence, a result consistent with that for other groups of 
birds that are considerably more differentiated (Peterson et al., 1999; McCormack et al., 
2010).  These results of niche identity and background tests reinforce the importance of 
considering environment availability when testing niche divergence (McCormack et al., 
2010).   
 The use of niche models to examine ecological divergence has recently undergone 
a series of advancements.  For example, if the SDM model of one species does not 
predict the distribution of a closely related species, one might assume that niche 
divergence has occurred.  Rice et al. (2003) concluded that several taxa of jays 
(Aphelacoma) were ecologically divergent because their niche models did not cross-
predict.  By contrast, McCormack et al. (2010) found that there was little evidence for 
ecological divergence when using background tests (Warren et al. 2010).  However, it is 
not clear how to interpret these tests.  McCormack et al. (2010) compared four taxa, 
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resulting in 6 pairwise tests, which are not all independent.  The maximum number of 
either niche conservatism or divergence would be 12.  If niche evolution was random, 
one might expect four cases of conservatism, four of divergence and four showing 
neither.  Their observation of 7, 2 and 3 is consistent with their interpretation that niche 
divergence is not a major factor, but it is not clear whether it departs from random, nor 
what the null expectation should be. 
 In our study, we examined four groups but only did four pairwise tests of niche 
divergence (to reduce instances of non-independence), finding no instances of niche 
divergence (or conservatism).  Thus, our findings are reminiscent of the jays examined by 
McCormack et al. (2010).  The lack of support for niche divergence or conservatism may 
indicate that rosefinches, a habitat generalist species, can survive in varied habitats.  This 
may explain the recent population expansion of rosefinches shown by genetic data and 
current expansion to new ranges in Europe.  On the other hand, given the general lack of 
niche divergence, one might expect that the groups would invade each other’s ranges.  
That is, during the ensuing 21,000 years since the LGM, and a dispersal distance typical 
for passerine birds of ≥ 1 km per generation (Barrowclough 1980), there would have been 
ample time for range expansion and homogenization of the three groups.  However, our 
estimates of gene flow suggest this is not occurring.  Hence it is possible that the forms 
exclude each other behaviorally or we have not captured the most important niche 
dimensions.    
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Figure 3.1.  Breeding range of the Common Rosefinch (Carpodacus erythrinus) with 
four subspecies indicated and location of sample sites (re-drawn from Fig. 1 in Pavlova et 
al. 2005).  Grey area indicates breeding range.  Large solid circles indicate sample sizes 
of 10 or more individuals.  Dotted lines partition the population into three groups as 
indicated by the pairwise mtDNA ΦST analysis (Pavlova et al. 2005) and the UPGMA 
tree based on a matrix of mtDNA ΦST values (Fig. 3 in this study).  ALM is Almaty, 
ANA is Anadyr’, DOR is Dornod, GOR is Gorno-Altay, IRK is Irkutsk, KAM is 
Kamchatka, KHA is Khabarovsk, KRD is Krasnodar, KRY is Krasnoyarsk, KUR is 
Kursk, MAG is Magadan, MED is Medvedevo, MEZ Mezen’, MOS is Moscow, SAK is 
Sakhalin, TÖV is Töv, TYV is Tyva, and YEK is Yekaterinburg.  
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Figure 3.2.  Network of  (a) mtDNA and (b) a Z-linked intron (ADAMTS6) haplotypes 
of the common rosefinch by the minimum spaning criterion.  Colors on the network 
indicate the locations at which each haplotype was detected.  Black circles indicate 
center-western Eurasian (CWE) haplotyps, white circles indicate northeastern Eurasian 
(NEE) ones, and grey circles indicate Caucasian (CA) ones.  Open triangles indicate 
unsampled or extinct haplotypes.  Sizes of circles are proportional to haplotype 
frequencies.  Short lines indicate one mutation step. 
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Figure 3.3.  UPGMA tree showing relationships among rosefinch population samples.  
The tree is reconstructed based on the matrix of ΦST values.  The three clades correspond 
to the center-western Eurasian (CWE), northeastern Eurasian (NEE), and Caucasian (CA) 
groups.  Localities with sample sizes smaller than five were combined with samples in 
other nearby localities.  Therefore, DORTOV is the combination of Dornod and Töv’s 
samples, IRKKRY is that of Irkutsk and Krasnoyarsk, MEDMEZ is that of Medvedevo 
and Mezen, and MOSKUR is that of Moscow and Kursk.  The combined population of 
Sakhalin and Khabarovsk with only four individuals was excluded from analysis to avoid 
biases in ΦST estimates.   
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Figure 3.4.  The marginal posterior probabilty distribution of the IMa parameters based 
on mtNDA and a Z-linked intron (ADMATS6) combined for the three-group model.  
Effective population sizes, θ, for Caucasus (CA), central-western Eurasia (CWE), 
northeastern Eurasia (NEE) groups and ancestral populations are shown in (a) and (b).  
Migration rates, m, in two directions and divergence times, t, between CA and CWE, 
between CWE and NEE, and between CA and NEE are shown in (c) to (f). 
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Figure 3.5.  Outline of the three-group models (a and b) and the two-group model (c) 
developed to test hypothesized demographic histories for the commone Rosefinch.  Na, 
NCA, NCWE, NNEE, and NME indicate effecive population sizes of ancestral, CA, CWE, 
NEE, and ME groups, respectively.  t indicates time of divergence in units of generations 
from present.  Arrows indicate gene flow.  The immigration rate (m) in the (b) model is 
shown in the figure.  The levels of gene flow in the (c) model are 100 immigrants per 
generation currently but decrease exponentially backwards in time as the population sizes 
decrease.  The dashed lines indicate that the groups are connected to each other with 
substantial levels of gene flow. 
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Figure 3.6.  Histograms of ΦST values for 5000 simulated sequence data sets.  (a) Results 
from simulations of the three-group model without gene flow.  (b) Results from 
simulation of the three-group model with a low level of gene flow from NEE to CWE.  
(c) Results from simulations of the two-group model.  The dashed lines represent the 2.5 
and 97.5 percentiles in the distribution.  The black triangles represent the ΦST value of our 
empirical data.  
 
 Figure 3.7.  Predicted distributions of the common rosefinch (
(a) present and (b) LGM conditions using MAXENT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
95
Carpodacus erythrinus
 
 
) for 
 Figure 3.8.  Background tests for niche divergence.  Arrows indicate 
index (Schoener’s D) between two groups and are compared with a null distribution for 
the niche similarity indices between one group and random points from the range of the 
other group and vice versa.
versus the background of  CWEE, and red indicates the opposite comparison.  (b) Blue 
indicates a null distribution of CA versus the background of  NEE, and red indicateds the 
opposite comparison.  (c) Blue indicates a null distribution of CA versus the background 
of  CWEW, and red indicateds the opposite comparison.
distribution of  CWEE versus the background of  CWEW, and red indicates the opposite 
comparison.  Niche similarity values smaller than a null distribution indicate niche 
divergence, larger values indicate niche conservatism, and values within a null 
distrubiton indicate neither niche divergence nor niche conservatism.   
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niche similarity 
  (a) Blue histogram indicates a null distribution of NEE 
  (d) Blue indicates a null 
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